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1
TOUCH DETERMINATION BY
TOMOGRAPHIC RECONSTRUCTION

This application is the national phase under 35 U.S.C. §371
of PCT International Application No. PCT/SE2011/051201
which has an International filing date of Oct. 7, 2011, which
claims priority to Swedish patent application number
1051061-8 filed Oct. 11,2010, and to U.S. Provisional patent
application No. 61/391,764 filed Oct. 11, 2010.

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of Swedish
patent application No. 1051061-8, filed on Oct. 11,2010, and
U.S. provisional application No. 61/391,764, filed on Oct. 11,
2010, both of which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to touch-sensitive panels and
data processing techniques in relation to such panels.

BACKGROUND ART

To an increasing extent, touch-sensitive panels are being
used for providing input data to computers, electronic mea-
surement and test equipment, gaming devices, etc. The panel
may be provided with a graphical user interface (GUI) for a
user to interact with using e.g. a pointer, stylus or one or more
fingers. The GUI may be fixed or dynamic. A fixed GUI may
e.g. be in the form of printed matter placed over, under or
inside the panel. A dynamic GUI can be provided by a display
screen integrated with, or placed underneath, the panel or by
an image being projected onto the panel by a projector.

There are numerous known techniques for providing touch
sensitivity to the panel, e.g. by using cameras to capture light
scattered off the point(s) of touch on the panel, or by incor-
porating resistive wire grids, capacitive sensors, strain
gauges, etc into the panel.

US2004/0252091 discloses an alternative technique which
is based on frustrated total internal reflection (FTIR). Light
sheets are coupled into a panel to propagate inside the panel
by total internal reflection. When an object comes into contact
with a surface of the panel, two or more light sheets will be
locally attenuated at the point of touch. Arrays of light sensors
are located around the perimeter of the panel to detect the
received light for each light sheet. A coarse tomographic
reconstruction of the light field across the panel surface is
then created by geometrically back-tracing and triangulating
all attenuations observed in the received light. This is stated to
result in data regarding the position and size of each contact
area.

US2009/0153519 discloses a panel capable of conducting
signals. A “tomograph” is positioned adjacent the panel with
signal flow ports arrayed around the border of the panel at
discrete locations. Signals (b) measured at the signal flow
ports are tomographically processed to generate a two-di-
mensional representation (x) of the conductivity on the panel,
whereby touching objects on the panel surface can be
detected. The presented technique for tomographic recon-
struction is based on a linear model of the tomographic sys-
tem, Ax=b. The system matrix A is calculated at factory, and
its pseudo inverse A~! is calculated using Truncated SVD
algorithms and operated on the measured signals to yield the
two-dimensional (2D) representation of the conductivity:
x=A"'b. The suggested method is both demanding in the term
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2

of processing and lacks suppression of high frequency com-
ponents, possibly leading to much noise in the 2D represen-
tation.

US2009/0153519 also makes a general reference to Com-
puter Tomography (CT). CT methods are well-known imag-
ing methods which have been developed for medical pur-
poses. CT methods employ digital geometry processing to
reconstruct an image ofthe inside of an object based on a large
series of projection measurements through the object. Various
CT methods have been developed to enable efficient process-
ing and/or precise image reconstruction, e.g. Filtered Back
Projection, ART, SART, etc. Often, the projection measure-
ments are carried out in accordance with a standard geometry
which is given by the CT method. Clearly, it would be desir-
able to capitalize on existing CT methods for reconstructing
the 2D distribution of an energy-related parameter (light,
conductivity, etc) across a touch surface based on a set of
projection measurements.

SUMMARY

It is an object of the invention to enable touch determina-
tion on a panel based on projection measurements by use of
existing CT methods.

Another objective is to provide a technique that enables
determination of touch-related data at sufficient precision to
discriminate between a plurality of objects in simultaneous
contact with a touch surface.

This and other objects, which may appear from the descrip-
tion below, are at least partly achieved by means of a method
of enabling touch determination, a computer program prod-
uct, a device for enabling touch determination, and a touch-
sensitive apparatus according to the independent claims,
embodiments thereof being defined by the dependent claims.

A first aspect of the invention is a method of enabling touch
determination based on an output signal from a touch-sensi-
tive apparatus. The touch-sensitive apparatus comprises a
panel configured to conduct signals from a plurality of
peripheral incoupling points to a plurality of peripheral out-
coupling points, thereby defining detection lines that extend
across a surface portion of the panel between pairs of incou-
pling and outcoupling points, at least one signal generator
coupled to the incoupling points to generate the signals, and at
least one signal detector coupled to the outcoupling points to
generate the output signal. The method comprises: processing
the output signal to generate a set of data samples, wherein
each data sample is indicative of detected energy on one of the
detection lines and is defined by a signal value and first and
second dimension values in a two-dimensional sample space,
wherein the first and second dimension values define the
location of the detection line on the surface portion, and
wherein the data samples are non-uniformly arranged in the
sample space; obtaining adjustment factors for the set of data
samples, wherein each adjustment factor is representative of
the local density of data samples in the sample space for a
respective data sample; and processing the set of the data
samples by tomographic reconstruction, while applying the
adjustment factors, to generate data indicative of a recon-
structed distribution of an energy-related parameter within at
least part of the surface portion.

In one embodiment, the adjustment factor for a given data
sample is calculated to represent the number of data samples
within a region around the given data sample in the sample
space.

In another embodiment, the adjustment factor for a given
data sample is calculated to represent an average of a set of
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smallest distances between the given data sample and neigh-
boring data samples in the sample space.

In yet another embodiment, the adjustment factor for a
given data sample is calculated to represent an extent of a
Voronoi cell or a set of Delaunay triangles in the sample space
for the given data sample.

In yet another embodiment, the reconstructed distribution
comprises spatial data points, each spatial data point having a
unique location on the surface portion and corresponding to a
predetermined curve in the sample space, and the adjustment
factor for a given data sample is calculated, for each spatial
data point in a set of spatial data points, to represent the
interaction between the predetermined curve of the spatial
data point and a two-dimensional basis function located at the
given data sample, wherein the basis function is given an
extent in the sample space that is dependent on the local
density. The interaction may be calculated by evaluating a
line integral of the basis function, along the predetermined
curve.

In one embodiment, the step of obtaining comprises:
obtaining, for each spatial data point, a set of adjustment
factors associated with a relevant set of data samples. The step
of processing the set of data samples may comprise: recon-
structing each spatial data point by: scaling the signal value of
each data sample in the relevant set of data samples by its
corresponding adjustment factor and summing the thus-
scaled signal values.

In one embodiment, the predetermined curve is designed to
include the shape of a predetermined one-dimensional filter
function which extends in the first dimension of the sample
space and which is centered on and reproduced at plural
locations along the curve. In this embodiment, the interaction
may be calculated by evaluating a surface integral of the
combination of the predetermined curve and the basis func-
tion.

In one embodiment, the step of processing the output signal
comprises: obtaining a measurement value for each detection
line and applying a filter function to generate a filtered signal
value for each measurement value, wherein the filtered signal
values form said signal values of the data samples. The filter
function may be a predetermined one-dimensional filter func-
tion which is applied in the first dimension of the sample
space.

Alternatively or additionally, the step of applying the filter
function may comprise: obtaining estimated signal values
around each measurement value in the first dimension, and
operating the filter function on the measurement value and the
estimated signal values. The filtered signal value may be
generated as a weighted summation of the measurement val-
ues and the estimated signal values based on the filter func-
tion. The estimated signal values may be obtained as mea-
surement values of other detection lines, said other detection
lines being selected as a best match to the extent of the filter
function in the first dimension, or the estimated signal values
may be generated at predetermined locations around the mea-
surement value in the sample space.

In one embodiment, the estimated signal values are gener-
ated by interpolation in the sample space based on the mea-
surement values. Each estimated signal value may be gener-
ated by interpolation of measurement values of neighboring
data samples in the sample space. Alternatively or addition-
ally, the step of processing the output signal further may
comprise: obtaining a predetermined two-dimensional inter-
polation function with nodes corresponding to the data
samples, and calculating the estimated signal values accord-
ing to the interpolation function and based on the measure-
ment values of the data samples.
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In one embodiment, the reconstructed distribution com-
prises spatial data points, each spatial data point having a
unique location on the surface portion and corresponding to a
predetermined curve in the sample space, and wherein the
step of processing the set of data samples comprises: gener-
ating filtered signal values for the data samples by scaling the
signal value of each data sample by a weight given by a
predetermined filter function based on the distance of the data
sample from the curve in the first dimension, and evaluating
each spatial data point by: scaling the filtered signal value by
the adjustment factor of the corresponding data sample and
summing the thus-scaled filtered signal values.

In one embodiment, the step of processing the set of data
samples comprises: calculating Fourier transformation data
for the data samples with respect to the first dimension only,
and generating said data indicative of the reconstructed dis-
tribution by operating a two-dimensional inverse Fourier
transform on the Fourier transformation data, wherein the
adjustment factors are applied in the step of calculating Fou-
rier transformation data. The step of calculating the Fourier
transformation data may comprise: transforming the data
samples to a Fourier domain to produce uniformly arranged
Fourier-transformed data samples with respect to the first and
second dimensions, and transforming the Fourier-trans-
formed data samples back to the sample space with respect to
the second dimension only.

In one embodiment, the first dimension value is a distance
of the detection line in the plane of the panel from a prede-
termined origin, and the second dimension value is a rotation
angle of the detection line in the plane of the panel.

In an alternative embodiment, the first dimension value is a
rotation angle of the detection line in the plane of the panel,
and the second dimension value is an angular location of the
incoupling or outcoupling point of the detection line.

A second aspect of the invention is a computer program
product comprising computer code which, when executed on
a data-processing system, is adapted to carry out the method
of' the first aspect.

A third aspect of the invention is a device for enabling
touch determination based on an output signal from a touch-
sensitive apparatus. The touch-sensitive apparatus comprises
a panel configured to conduct signals from a plurality of
peripheral incoupling points to a plurality of peripheral out-
coupling points, thereby defining detection lines that extend
across a surface portion of the panel between pairs of incou-
pling and outcoupling points, signal generating means
coupled to the incoupling points to generate the signals, and
signal detecting means coupled to the outcoupling points to
generate the output signal. The device comprises: means for
processing the output signal to generate a set of data samples,
wherein each data sample is indicative of detected energy on
one of the detection lines and is defined by a signal value and
first and second dimension values in a two-dimensional
sample space, wherein the first and second dimension values
define the location of the detection line on the surface portion,
and wherein the data samples are non-uniformly arranged in
the sample space; means for obtaining adjustment factors for
the set of data samples, wherein each adjustment factor is
representative of the local density of data samples in the
sample space for a respective data sample; and means for
processing the set of the data samples by tomographic recon-
struction, while applying the adjustment factors, to generate
data indicative of a reconstructed distribution of an energy-
related parameter within at least part of the surface portion.

A fourth aspect of the invention is a touch-sensitive appa-
ratus, comprising: a panel configured to conduct signals from
a plurality of peripheral incoupling points to a plurality of
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peripheral outcoupling points, thereby defining detection
lines that extend across a surface portion of the panel between
pairs of incoupling and outcoupling points; means for gener-
ating the signals at the incoupling points; means for generat-
ing an output signal based on detected signals at the outcou-
pling points; and the device for enabling touch determination
of the third aspect.

A fifth aspect of the invention is a touch-sensitive appara-
tus, comprising: a panel configured to conduct signals from a
plurality of peripheral incoupling points to a plurality of
peripheral outcoupling points, thereby defining detection
lines that extend across a surface portion of the panel between
pairs of incoupling and outcoupling points; at least one signal
generator coupled to the incoupling points to generate the
signals; at least one signal detector coupled to the outcoupling
points to generate an output signal; and a signal processor
connected to receive the output signal and configured to:
process the output signal to generate a set of data samples,
wherein each data sample is indicative of detected energy on
one of the detection lines and is defined by a signal value and
first and second dimension values in a two-dimensional
sample space, wherein the first and second dimension values
define the location of the detection line on the surface portion,
and wherein the data samples are non-uniformly arranged in
the sample space; obtain adjustment factors for the set of data
samples, wherein each adjustment factor is representative of
the local density of data samples in the sample space for a
respective data sample; and process the set of the data
samples by tomographic reconstruction, while applying the
adjustment factors, to generate data indicative of a recon-
structed distribution of an energy-related parameter within at
least part of the surface portion.

Any one of the embodiments of the first aspect can be
combined with the second to fifth aspects.

Still other objectives, features, aspects and advantages of
the present invention will appear from the following detailed
description, from the attached claims as well as from the
drawings.

BRIEF DESCRIPTION OF DRAWINGS

Embodiments of the invention will now be described in
more detail with reference to the accompanying schematic
drawings.

FIG. 1 is a plan view of a touch-sensitive apparatus.

FIG.2is atop plan view of a touch-sensitive apparatus with
an interleaved arrangement of emitters and sensors.

FIGS.3A-3B are side and top plan views of touch-sensitive
systems operating by frustrated total internal reflection
(FTIR).

FIG. 4 illustrates the underlying principle of the Projec-
tion-Slice Theorem.

FIG. 5 illustrates a parallel geometry used in tomographic
reconstruction.

FIGS. 6A-6B are graphs of a regular arrangement of detec-
tion lines in a measurement coordinate system and in a sample
space, respectively.

FIGS. 7A-7H illustrate a starting point, intermediate
results and final results of a back projection process using a
parallel geometry, as well as a filter used in the process.

FIGS. 8A-8B are graphs of a non-regular arrangement of
detection lines in the coordinate system of a touch surface and
in a sample space, respectively.

FIG. 9 is a graph of sampling points defined by the inter-
leaved arrangement in FIG. 2.
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FIG. 10A is a flow chart of a reconstruction method, and
FIG. 10B is a block diagram of a device that implements the
method of FIG. 10A.

FIGS. 11A-11B illustrate a first embodiment for determin-
ing adjustment factors.

FIG. 12 illustrate a second embodiment for determining
adjustment factors.

FIG. 13 illustrate a third embodiment for determining
adjustment factors.

FIG. 14 illustrate a fourth embodiment for determining
adjustment factors.

FIG. 15 illustrate the concept of interpolating basis func-
tions.

FIGS. 16A-16B illustrate a correspondence between
reconstruction points on the touch surface and reconstruction
lines in the sample space.

FIGS. 17A-17D illustrate the interaction between a recon-
struction line and an interpolating basis function.

FIGS. 18A-18D illustrate the evaluation of a surface inte-
gral defined by a reconstruction line, a filter function and a
basis function.

FIG. 19 is a reference image mapped to an interleaved
arrangement.

FIG. 20 illustrates a first embodiment of modified FBP
reconstruction.

FIGS. 21A-21B are graphs of different filters for use in
modified FBP reconstructions.

FIGS. 22A-22B show the reconstructed attenuation fields
obtained by the first embodiment, with and without adjust-
ment factors.

FIG. 23A is a graph of Delaunay triangles defined in the
sample space of FIG. 9, and FIG. 23B shows the recon-
structed attenuation field obtained by a second embodiment
of modified FBP reconstruction.

FIG. 24A illustrates a third embodiment of modified FBP
reconstruction, and FIG. 24B shows the reconstructed attenu-
ation field obtained by the third embodiment.

FIG. 25A-25B illustrate a fourth embodiment of modified
FBP reconstruction, and FIG. 25C shows the reconstructed
attenuation field obtained by the fourth embodiment.

FIG. 26 illustrates a fan geometry used in tomographic
reconstruction.

FIG. 27 illustrates the use of a circle for mapping detection
lines to a sample space for fan geometry reconstruction.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

The present invention relates to techniques for enabling
extraction of touch data for at least one object, and typically
multiple objects, in contact with a touch surface of a touch-
sensitive apparatus. The description starts out by presenting
the underlying concept of such a touch-sensitive apparatus,
especially an apparatus operating by frustrated total internal
reflection (FTIR) of light. The description continues to gen-
erally explain and exemplify the theory of tomographic
reconstruction and its use of standard geometries. Then fol-
lows an example of an overall method for touch data extrac-
tion involving tomographic reconstruction. Finally, different
inventive aspects of applying techniques for tomographic
reconstruction for touch determination are further explained
and exemplified.

Throughout the description, the same reference numerals
are used to identify corresponding elements.

1. Touch-Sensitive Apparatus

FIG. 1 illustrates a touch-sensitive apparatus 100 which is

based on the concept of transmitting energy of some form
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across a touch surface 1, such that an object that is brought
into close vicinity of, or in contact with, the touch surface 1
causes a local decrease in the transmitted energy. The touch-
sensitive apparatus 100 includes an arrangement of emitters
and sensors, which are distributed along the periphery of the
touch surface. Each pair of an emitter and a sensor defines a
detection line, which corresponds to the propagation path for
an emitted signal from the emitter to the sensor. In FIG. 1,
only one such detection line D is illustrated to extend from
emitter 2 to sensor 3, although it should be understood that the
arrangement typically defines a dense grid of intersecting
detection lines, each corresponding to a signal being emitted
by an emitter and detected by a sensor. Any object that
touches the touch surface along the extent of the detection line
D will thus decrease its energy, as measured by the sensor 3.

The arrangement of sensors is electrically connected to a
signal processor 10, which samples and processes an output
signal from the arrangement. The output signal is indicative
of the received energy at each sensor 3. As will be explained
below, the signal processor 10 may be configured to process
the output signal by a tomographic technique to recreate an
image of the distribution of an energy-related parameter (for
simplicity, referred to as “energy distribution” in the follow-
ing) across the touch surface 1. The energy distribution may
be further processed by the signal processor 10 or by a sepa-
rate device (not shown) for touch determination, which may
involve extraction of touch data, such as a position (e.g. X, ¥
coordinates), a shape or an area of each touching object.

In the example of FIG. 1, the touch-sensitive apparatus 100
also includes a controller 12 which is connected to selectively
control the activation of the emitters 2. The signal processor
10 and the controller 12 may be configured as separate units,
orthey may be incorporated in a single unit. One or both of the
signal processor 10 and the controller 12 may be at least
partially implemented by software executed by a processing
unit.

The touch-sensitive apparatus 100 may be designed to be
used with a display device or monitor, e.g. as described in the
Background section. Generally, such a display device has a
rectangular extent, and thus the touch-sensitive apparatus 100
(the touch surface 1) is also likely to be designed with a
rectangular shape. Further, the emitters 2 and sensors 3 all
have a fixed position around the perimeter of the touch surface
1. Thus, in contrast to a conventional tomographic apparatus
used e.g. in the medical field, there will be no possibility of
rotating the complete measurement system. As will be
described in further detail below, this puts certain limitations
on the use of standard tomographic techniques for recreating/
reconstructing the energy distribution within the touch sur-
face 1.

In the following, embodiments of the invention will be
described in relation to an exemplifying arrangement of emit-
ters 2 and sensors 3. This arrangement, shown in FIG. 2, is
denoted “interleaved arrangement” and has emitters 2 (indi-
cated by crossed circles) and sensors 3 (indicated by squares)
placed one after the other along the periphery of the touch
surface 1. Thus, every emitter 2 is placed between two sensors
3. The distance between neighboring emitters 2 is the same
along the periphery. The same applies for the distance
between neighboring sensors 3.

It is to be understood that this arrangement is given merely
for the purpose of illustration and the concepts of the inven-
tion are applicable irrespective of aspect ratio, shape of the
touch surface, and arrangement of emitters and sensors.

In the embodiments shown herein, at least a subset of the
emitters 2 may be arranged to emit energy in the shape of a
beam or wave that diverges in the plane of the touch surface 1,
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and at least a subset of the sensors 3 may be arranged to
receive energy over a wide range of angles (field of view).
Alternatively or additionally, the individual emitter 2 may be
configured to emit a set of separate beams that propagate to a
number of sensors 3. In either embodiment, each emitter 2
transmits energy to a plurality of sensors 3, and each sensor 3
receives energy from a plurality of emitters 2.

The touch-sensitive apparatus 100 may be configured to
permit transmission of energy in one of many different forms.
The emitted signals may thus be any radiation or wave energy
that can travel in and across the touch surface 1 including,
without limi-tation, light waves in the visible or infrared or
ultraviolet spectral regions, electrical energy, electromag-
netic or magnetic energy, or sonic and ultrasonic energy or
vibration energy.

In the following, an example embodiment based on propa-
gation of light will be described. FIG. 3A is a side view of a
touch-sensitive apparatus 100 which includes a light trans-
missive panel 4, one or more light emitters 2 (one shown) and
one or more light sensors 3 (one shown). The panel 4 defines
two opposite and generally parallel surfaces 5, 6 and may be
planar or curved. A radiation propagation channel is provided
between two boundary surfaces 5, 6 of the panel 4, wherein at
least one of the boundary surfaces allows the propagating
light to interact with a touching object 7. Typically, the light
from the emitter(s) 2 propagates by total internal reflection
(TIR) in the radiation propagation channel, and the sensors 3
are arranged at the periphery of the panel 4 to generate a
respective measurement signal which is indicative of the
energy of received light.

As shown in FIG. 3A, the light may be coupled into and out
of the panel 4 directly via the edge portion that connects the
top and bottom surfaces 5, 6 of the panel 4. Alternatively, not
shown, a separate coupling element (e.g. in the shape of a
wedge) may be attached to the edge portion or to the top or
bottom surface 5, 6 of the panel 4 to couple the light into
and/or out of the panel 4. When the object 7 is brought
sufficiently close to the boundary surface, part of the light
may be scattered by the object 7, part of the light may be
absorbed by the object 7, and part of the light may continue to
propagate unaffected. Thus, when the object 7 touches a
boundary surface of the panel (e.g. the top surface 5), the total
internal reflection is frustrated and the energy of the transmit-
ted light is decreased. This type of touch-sensitive apparatus
is denoted “FTIR system” (FTIR—Frustrated Total Internal
Reflection) in the following.

The touch-sensitive apparatus 100 may be operated to mea-
sure the energy of the light transmitted through the panel 4 on
a plurality of detection lines. This may, e.g., be done by
activating a set of spaced-apart emitters 2 to generate a cor-
responding number of light sheets inside the panel 4, and by
operating a set of sensors 3 to measure the transmitted energy
of'each light sheet. Such an embodiment is illustrated in FIG.
3B, where each emitter 2 generates a beam of light that
expands in the plane of the panel 4 while propagating away
from the emitter 2. Each beam propagates from one or more
entry or incoupling points within an incoupling site on the
panel 4. Arrays of light sensors 3 are located around the
perimeter of the panel 4 to receive the light from the emitters
2 at a number of spaced-apart outcoupling points within an
outcoupling site on the panel 4. It should be understood that
the incoupling and outcoupling points merely refer to the
position where the beam enters and leaves, respectively, the
panel 4. Thus, one emitter/sensor may be optically coupled to
anumber of incoupling/outcoupling points. In the example of
FIG. 3B, however, the detection lines D are defined by indi-
vidual emitter-sensor pairs.
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The light sensors 3 collectively provide an output signal,
which s received and sampled by the signal processor 10. The
output signal contains a number of sub-signals, also denoted
“projection signals”, each representing the energy of light

emitted by a certain light emitter 2 and received by a certain >

light sensor 3, i.e. the received energy on a certain detection
line. Depending on implementation, the signal processor 10
may need to process the output signal for identification of the
individual sub-signals. Irrespective of implementation, the
signal processor 10 is able to obtain an ensemble of measure-
ment values that contains information about the distribution
of an energy-related parameter across the touch surface 1.

The light emitters 2 can be any type of device capable of
emitting light in a desired wavelength range, for example a
diode laser, a VCSEL (vertical-cavity surface-emitting laser),
or alternatively an LED (light-emitting diode), an incandes-
cent lamp, a halogen lamp, etc.

The light sensors 3 can be any type of device capable of
detecting the energy of light emitted by the set of emitters,
such as a photodetector, an optical detector, a photo-resistor,
a photovoltaic cell, a photodiode, a reverse-biased LED act-
ing as photodiode, a charge-coupled device (CCD) etc.

The emitters 2 may be activated in sequence, such that the
received energy is measured by the sensors 3 for each light
sheet separately. Alternatively, all or a subset of the emitters 2
may be activated concurrently, e.g. by modulating the emit-
ters 2 such that the light energy measured by the sensors 3 can
be separated into the sub-signals by a corresponding de-
modulation.

Reverting to the emitter-sensor-arrangements in F1G. 2, the
spacing between neighboring emitters 2 and sensors 3 is
generally from about 1 mm to about 20 mm. For practical as
well as resolution purposes, the spacing is generally in the
2-10 mm range.

In a variant of the interleaved arrangement, the emitters 2
and sensors 3 may partially or wholly overlap, as seen in a
plan view. This can be accomplished by placing the emitters
2 and sensors 3 on opposite sides of the panel 4, or in some
equivalent optical arrangement.

It is to be understood that FIG. 3 merely illustrates one
example of an FTIR system. For example, the detection lines
may instead be generated by sweeping or scanning one or
more beams of light inside the panel. Such and other
examples of FTIR systems are e.g. disclosed in US6972753,
US7432893,US2006/0114237,US2007/0075648, WO2009/
048365, W02010/006882, W02010/006883, W0O2010/
006884, W02010/006885, W02010/006886 and WO2010/
064983, which are all incorporated herein by this reference.
The inventive concept may be advantageously applied to such
alternative FTIR systems as well.

2. Transmission

Asindicated in FIG. 3A, the light will not be blocked by the
touching object 7. Thus, if two objects 7 happen to be placed
after each other along a light path from an emitter 2 to a sensor
3, part of the light will interact with both objects 7. Provided
that the light energy is sufficient, a remainder of the light will
reach the sensor 3 and generate an output signal that allows
both interactions (touch points) to be identified. Thus, in
multi-touch FTIR systems, the transmitted light may carry
information about a plurality of touches.

In the following, T, is the transmission for the k:th detec-
tion line, T, is the transmission at a specific position along the
detection line, and A, is the relative attenuation at the same
point. The total transmission (modeled) along a detection line
is thus:
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Tk=1_[T =1_[(1_Av)

The above equation is suitable for analyzing the attenua-
tion caused by discrete objects on the touch surface, when the
points are fairly large and separated by a distance. However,
a more correct definition of attenuation through an attenuat-
ing medium may be used:

I,
I = Iog -effa(")d"—>Tk = I—k = effa(")d"
0.k

In this formulation, I, represents the transmitted energy on
detection line D, with attenuating object(s), |, , represents the
transmitted energy on detection line D, without attenuating
objects, and a(x) is the attenuation coefficient along the detec-
tion line D,. We also let the detection line interact with the
touch surface along the entire extent of the detection line, i.e.
the detection line is represented as a mathematical line.

To facilitate the tomographic reconstruction as described
in the following, the measurement values may be divided by
a respective background value. By proper choice of back-
ground values, the measurement values are thereby converted
into transmission values, which thus represent the fraction of
the available light energy that has been measured on each of
the detection lines.

The theory of the Radon transform (see below) deals with
line integrals, and it may therefore be proper to use the loga-
rithm of the above expression:

log(D)=log(e @) —fa(x)dx

3. Tomographic Techniques

Tomographic reconstruction, which is well-known per se,
may be based on the mathematics describing the Radon trans-
form and its inverse. The following theoretical discussion is
limited to the 2D Radon transform. The general concept of
tomography is to do imaging of a medium by measuring line
integrals through the medium for a large set of angles and
positions. The line integrals are measured through the image
plane. To find the inverse, i.e. the original image, many algo-
rithms use the so-called Projection-Slice Theorem.

Several efficient algorithms have been developed for tomo-
graphic reconstruction, e.g. Filtered Back Projection (FBP),
FFT-based algorithms, ART (Algebraic Reconstruction Tech-
nique), SART (Simultaneous Algebraic Reconstruction
Technique), etc. FBP is a widely used algorithm, and there are
many variants and extensions thereof. Below, a brief outline
of the underlying mathematics for FBP is given, for the sole
purpose of facilitating the following discussion about the
inventive concept and its merits.

3.1 Projection-Slice Theorem

Many tomographic reconstruction techniques make use of
a mathematical theorem called Projection-Slice Theorem.
This Theorem states that given a two-dimensional function
f(x,y), the one- and two-dimensional Fourier transforms F ,
and F ,, a projection operator ‘R that projects a two-dimen-
sional (2D) function onto a one-dimensional (1D) line, and a
slice operator S, that extracts a central slice of a function, the
following calculations are equal:

F (R f6ey=5,F )

This relation is illustrated in FIG. 4. The right-hand side of
the equation above essentially extracts a 1D line of the 2D
Fourier transform of the function f(x, y). The line passes



US 9,411,444 B2

11

through the origin of the 2D Fourier plane, as shown in the
right-hand part of FIG. 4. The left-hand side of the equation
starts by projecting (i.e. integrating along 1D lines in the
projection direction p) the 2D function onto a 1D line (or-
thogonal to the projection direction p), which forms a “pro-
jection” that is made up of the projection values for all the
different detection lines extending in the projection direction
p- Thus, taking a 1D Fourier transform of the projection gives
the same result as taking a slice from the 2D Fourier transform
ofthe function f(x, y). In the context of the present disclosure,
the function f(x, y) corresponds to the attenuation coefficient
field a(x) (generally denoted “attenuation field” herein) to be
reconstructed.
3.2 Radon Transform

First, it can be noted that the attenuation vanishes outside
the touch surface. For the following mathematical discussion,
we define a circular disc that circumscribes the touch surface,
Q,={x: Ix|sr}, with the attenuation field set to zero outside of
this disc. Further, the projection value for a given detection
line is given by:

g(0, s) = (Ra)(8, s) = f a(x)dx

s=x

Here, we let 8=(cos ¢, sin ¢) be a unit vector denoting the
direction normal to the detection line, and s is the shortest
distance (with sign) from the detection line to the origin
(taken as the centre of the screen, cf. FIG. 4).). Note that 0 is
perpendicular to the above-mentioned projection direction
vector, p. This means that we can denote g(6, s) by g(¢, s)
since the latter notation more clearly indicates that g is a
function of two variables and not a function of one scalar and
one arbitrary vector. Thus, the projection value for a detection
line could be expressed as g(¢, s),1.e. as a function of the angle
of the detection line to a reference direction, and the distance
of the detection line to an origin. We let the angle span the
range O=¢<t, and since the attenuation field has support in
Q,, it is sufficient to consider s in the interval —r=s=r. The set
of projections collected for different angles and distances
may be stacked together to form a “sinogram”.

Our goal is now to reconstruct the attenuation field a(x)
given the measured Radon transform, g=Ra. The Radon
transform operator is not invertible in the general sense. To be
able to find a stable inverse, we need to impose restrictions on
the variations of the attenuation field.

One should note that the Radon transform is the same as the
above-mentioned projection operator in the Projection-Slice
Theorem. Hence, taking the 1D Fourier transform of g(¢, s)
with respect to the s variable results in central slices from the
2D Fourier transform of the attenuation field a(x).

3.3 Continuous Vs. Discrete Tomography

The foregoing sections 3.1-3.2 describe the mathematics
behind tomographic reconstruction using continuous func-
tions and operators. However, in a real world system, the
measurement data represents a discrete sampling of func-
tions, which calls for modifications of the algorithms. For a
thorough description of such modifications, we refer to the
mathematical literature, e.g. “The Mathematics of Comput-
erized Tomography” by Natterer, and “Principles of Comput-
erized Tomographic Imaging” by Kak and Slaney.

When operating on discretely sampled functions, certain
reconstruction techniques may benefit from a filtering step
designed to increase the amount of information about high
spatial frequencies. Without the filtering step, the information
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density will be much higher at low frequencies, and the recon-
struction will yield a blurring from the low frequency com-
ponents.

The filtering step may be implemented as a multiplication/
weighting of the data points in the 2D Fourier transform
plane. This multiplication with a filter W, in the Fourier
domain may alternatively be implemented as a convolution
by a filter w,(s) in the spatial domain, i.e. with respect to the
s variable, using the inverse Fourier transform of the weight-
ing function. The multiplication/weighting function inthe 2D
Fourier transform plane is rotationally symmetric. Thus, we
can make use of the Projection-Slice Theorem to get the
corresponding 1D convolution kernel in the projection
domain, i.e. the kernel we should use on the projections
gathered at specific angles. This also means that the convo-
Iution kernel will be the same for all projection angles.

Inthe literature, several implementations of the filter can be
found, e.g. Ram-Lak, Shepp-Logan, Cosine, Hann, and Ham-
ming.

4. Parallel Geometry for Tomographic Processing

Tomographic processing is generally based on standard
geometries. This means that the mathematical algorithms
presume a specific geometric arrangement of the detection
lines in order to attain a desired precision and/or processing
efficiency. The geometric arrangement may be selected to
enable a definition of the projection values in a 2D sample
space, e.g. to enable the above-mentioned filtering in one of
the dimensions of the sample space before the back projec-
tion, as will be further explained below.

In conventional tomography, the measurement system (i.e.
the location of the incoupling points and/or outcoupling
points) is controlled or set to yield the desired geometric
arrangement of detection lines. Below follows a brief presen-
tation of the parallel geometry, which is standard geometry
widely used in conventional tomography e.g. in the medical
field.

The parallel geometry is exemplified in FIG. 5. Here, the
system measures projection values of a set of detection lines
for a given angle ¢,. In FIG. 5, the set of detection lines D are
indicated by dashed arrows, and the resulting projection is
represented by the function g(¢,, s). The measurement system
is then rotated slightly around the origin of'the x,y coordinate
system in FIG. 5, to collect projection values for a new set of
detection lines at this new projection angle. As shown by the
dashed arrows, all detection lines are parallel to each other for
each projection angle ¢,. The system generally measures
projection values (line integrals) for angles spanning the
range O=¢<t.

FIG. 6A illustrate the detection lines for six different pro-
jection angles in a measurement coordinate system. Existing
tomographic reconstruction techniques often make use of the
Projection-Slice Theorem, either directly or indirectly, and
typically require a uniform sampling of information. The
uniformity of sampling may be assessed in a sample space,
which is defined by dimensions that uniquely identify each
detection line. There are a number of different ways to dis-
tinctly define a line; all of them will require two parameters.
For a parallel geometry, the two-dimensional sample space is
typically defined by the angle parameter ¢ and the distance
parameter s, and the projection values are represented by g(¢,
s). In FIG. 6A, each detection line defines a sampling point,
and FIG. 6B illustrates the locations of these sampling points
in the sample space. Clearly, the sampling points are posi-
tioned in a regular grid pattern. It should be noted that a true
tomographic system typically uses many more projection
angles and a denser set of detection lines D.
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Below, the use of a parallel geometry in tomographic pro-
cessing is further exemplified in relation to a known attenu-
ation field shown in FIG. 7A, in which the right-end bar
indicates the coding of gray levels to attenuation strength (%).
FIG. 7B is a graph of the projection values as a function of
distance s for the projection obtained at ¢$=r/6 in the attenu-
ation field of FIG. 7A. FIG. 7C illustrates the sinogram
formed by all projections collected from the attenuation field,
where the different projections are arranged as vertical
sequences of values. For reference, the projection shown in
FIG. 7B is marked as a dashed line in FIG. 7C.

The filtering step, i.e. convolution, is now done with
respect to the s variable, i.e. in the vertical direction in FIG.
7C. The filtering step results in a filtered sinogram
v=w,(s)*g(¢, s). As mentioned above, there are many differ-
ent filter kernels that may be used in the filtering. FIG. 7D
illustrates the central part of a discrete filter kernel w,(s) that
is used in this example. As shown, the absolute magnitude of
the filter values quickly drops off from the center of the kernel
(k=0). In many practical implementations, it is possible to use
only the most central parts of the filter kernel, thereby
decreasing the number of processing operations in the filter-
ing step.

Since the filtering step is a convolution, it may be compu-
tationally more efficient to perform the filtering step in the
Fourier domain. For each column of values in the ¢-s-plane, a
discrete 1D Fast Fourier transform is computed. Then, the
thus-transformed values are multiplied by the 1D Fourier
transform of the filter kernel. The filtered sinogram v is then
obtained by taking the inverse Fourier transform of the result.

FIG. 7E represents the filtered sinogram that is obtained by
operating the filter kernel in FIG. 7D on the sinogram in FIG.
7C. For illustration purposes, FIG. 7E shows the absolute
values of the filtered sinogram, with zero being set to white
and the magnitude of the filtered values being represented by
the amount of black.

The next step is to apply the back projection operator R *.
Fundamental to the back projection operator is that a single
position in the attenuation field is represented by a sine func-
tion in the sinogram. Thus, to reconstruct each individual
attenuation value in the attenuation field, the back projection
operator corresponds to a summation of the values of the
filtered sinogram along the corresponding sine function. This
can be expressed as

p-1
R =23 vig), xi-6)),

70

where 6=(cos ¢, sin ¢,), p is the number of projection
angles, and x,=(X;, y,) is a point in the attenuation field (i.e. a
location on the touch surface 1).

To illustrate this concept, FIG. 7E shows three sine curves
0,-0; (indicated by superimposed thick black lines) that cor-
respond to three different positions in the attenuation field of
FIG. 7A.

Since the location of a reconstructed attenuation value will
not coincide exactly with all of the relevant detection lines, it
may be necessary to perform linear interpolation with respect
to the s variable where the sine curve crosses between two
sampling points. The interpolation is exemplified in FIG. 7F,
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which is an enlarged view of FIG. 7E and in which x indicates
the sampling points, which each has a filtered projection
value. The contribution to the back projection value for the
sine curve o, from the illustrated small part of the ¢-s-plane
becomes:

(1=z2¢)-(w *8)25,17s+225'(W*g)25,177
+(1=z37): (W *8)27,175+227'(W*g)27,175

+(1=z28) (W *g)z&l73+228'(W*g)28,174

The weights z, in the linear interpolation is given by the
normalized distance from the sine curve to the sampling
point, i.e. 0=sz,<1.

By using linear interpolation in the back projection opera-
tor, the time complexity of the reconstruction process is
O(n®), where n may indicate the number of incoupling and
outcoupling points on one side of the touch surface, or the
number of rows/columns of reconstruction points (see
below).

An alternative approach is to compute the filtered values at
the crossing points by applying individual filtering kernels.
The time complexity of such a reconstruction process is
O@m™).

FIG. 7G shows the reconstructed attenuation field that is
obtained by applying the back projection operator on the
filtered sinogram in FIG. 7E. It should be noted that the
filtering step may be important for the reconstruction to yield
useful data. FIG. 7H shows the reconstructed attenuation field
that is obtained when the filtering step is omitted.

The standard techniques for tomographic processing as
described above presume a regular arrangement of the sam-
pling points in the ¢-s-plane, e.g. as exemplified in FIG. 6B.
However, it is difficult if not impossible to design a touch-
sensitive apparatus with a regular arrangement of sampling
points, since it is non-trivial to position the incoupling and
outcoupling points so as to reproduce a perfect parallel geom-
etry of detection lines. Thus, compared to the desired regular
arrangement in FIG. 6 A, the detection lines typically form an
irregular pattern on the touch surface, such as exemplified in
FIG. 8A. The corresponding arrangement of sampling points
(marked by x) in the sample space is also highly irregular, as
illustrated in FIG. 8B. Two nearby sampling points in the
sample space correspond to two detection lines that are close
to each other on the touch surface and/or that have a small
difference in projection angle (and may thus be overlapping,
with a small mutual angle, in some part of the touch surface).

As a further example of irregular sampling points, FIG. 9
illustrates the sampling points in the ¢-s-plane for the inter-
leaved system shown in FIG. 2. In FIG. 9, the solid lines
indicate the physical limits of the touch surface. It can be
noted that the angle ¢ actually spans the range from 0 to 2,
since the incoupling and outcoupling points extend around
the entire perimeter. However, a detection line is the same
when rotated by =, and the projection values may thus be
rearranged to fall within the range of 0 to m. However, this
rearrangement is optional.

The inventors have realized that the standard techniques for
tomographic processing cannot be used to reconstruct the
attenuation field a(x) on the touch surface, at least not with
adequate precision, due to the irregular sampling.

5. Use of Tomographic Processing for Touch Determination

In its various aspects, the invention relates to ways of
re-designing tomographic techniques so as to accommodate
for irregular sampling, viz. such that the tomographic tech-
niques use the same amount of information from all relevant
parts of the sample space. In various embodiments, this is
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achieved by introducing an adjustment factor, p,, which rep-
resents the local density of sampling points in the sample
space. By clever use of the adjustment factor, it is possible to
adapt existing tomographic techniques so as to enable recon-
struction of the attenuation field for arbitrary patterns of
detection lines on the touch surface, i.e. also including non-
uniform arrangements of sampling points in the sample
space.

FIG. 10A illustrates an embodiment of a method for recon-
struction and touch data extraction in an touch-sensitive appa-
ratus, such as the above-described FTIR system. The method
involves a sequence of steps 22-26 that are repeatedly
executed, typically by the signal processor 10 (FIGS. 1 and 3).
In the context of this description, each sequence of steps
22-26 is denoted a sensing instance.

In a preparatory step 20, the signal processor obtains
adjustment factors, and possibly other processing parameters
(coefficients), to be used in the tomographic reconstruction.
In one embodiment, the adjustment factors are pre-computed
and stored on an electronic memory, and the signal processor
retrieves the pre-computed adjustment factors from the
memory. Each adjustment factor is computed to be represen-
tative of the local density of data samples in the sample space
for a respective sampling point. This means that each detec-
tion line is associated with one or more adjustment factors. In
avariant (not shown), the signal processor obtains the adjust-
ments factors by intermittently re-computing or updating the
adjustment factors, or a subset thereof, during execution of
the method, e.g. every n:th sensing instance. The computation
of'adjustment factors will be further exemplified in Chapter 6.

Each sensing instance starts by a data collection step 22, in
which measurement values are sampled from the light sensors
2 in the FTIR system, typically by sampling a value from each
of the aforesaid sub-signals. The data collection step 22
results in one projection value for each detection line (sam-
pling point). It may be noted that the data may, but need not,
be collected for all available detection lines in the FTIR
system. The data collection step 22 may also include pre-
processing of the measurement values, e.g. filtering for noise
reduction, conversion of measurement values into transmis-
sion values (or equivalently, attenuation values), conversion
into logarithmic values, etc.

Inareconstruction step 24, an “attenuation field” across the
touch surface is reconstructed by processing of the projection
data from the data collection step 22. The attenuation field is
a distribution of attenuation values across the touch surface
(or a relevant part of the touch surface), i.e. an energy-related
parameter. As used herein, “the attenuation field” and
“attenuation values” may be given in terms of an absolute
measure, such as light energy, or a relative measure, such as
relative attenuation (e.g. the above-mentioned attenuation
coefficient) or relative transmission. The reconstruction step
operates a tomographic reconstruction algorithm on the pro-
jection data, where the tomographic reconstruction algorithm
is designed to apply the adjustment factors to at least partly
compensate for variations in the local density of sampling
points in the sample space.

The tomographic processing may be based on any known
algorithm for tomographic reconstruction. The tomographic
processing will be further exemplified in Chapter 7 with
respect to algorithms for Back Projection, algorithms based
on Fourier transformation and algorithms based on Hough
transformation.

The attenuation field may be reconstructed within one or
more subareas of the touch surface. The subareas may be
identified by analyzing intersections of detection lines across
the touch surface, based on the above-mentioned projection
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signals. Such a technique for identifying subareas is further
disclosed in W02011/049513 which is incorporated herein
by this reference.

In a subsequent extraction step 26, the reconstructed
attenuation field is processed for identification of touch-re-
lated features and extraction of touch data. Any known tech-
nique may be used for isolating true (actual) touch points
within the attenuation field. For example, ordinary blob
detection and tracking techniques may be used for finding the
actual touch points. In one embodiment, a threshold is first
applied to the attenuation field, to remove noise. Any areas
with attenuation values that exceed the threshold, may be
further processed to find the center and shape by fitting for
instance a two-dimensional second-order polynomial or a
Gaussian bell shape to the attenuation values, or by finding
the ellipse of inertia of the attenuation values. There are also
numerous other techniques as is well known in the art, such as
clustering algorithms, edge detection algorithms, etc.

Any available touch data may be extracted, including but
not limited to x,y coordinates, areas, shapes and/or pressure
of the touch points.

After step 26, the extracted touch data is output, and the
process returns to the data collection step 22.

It is to be understood that one or more of steps 20-26 may
be effected concurrently. For example, the data collection
step 22 of a subsequent sensing instance may be initiated
concurrently with step 24 or 26.

The touch data extraction process is typically executed by
a data processing device (cf. signal processor 10 in FIGS. 1
and 3) which is connected to sample the measurement values
from the light sensors 3 in the FTIR system. FIG. 10B shows
an example of such a data processing device 10 for executing
the process in FIG. 10A. In the illustrated example, the device
10 includes an input 200 for receiving the output signal. The
device 10 further includes a parameter retrieval element (or
means) 202 for retrieving the adjustment factors (or depend-
ing on implementation, for computing/updating the adjust-
ment factors), a data collection element (or means) 204 for
processing the output signal to generate the above-mentioned
set of projection values, a reconstruction element (or means)
206 for generating the reconstructed attenuation field by
tomographic processing, and an output 210 for outputting the
reconstructed attenuation field. In the example of FIG. 10B,
the actual extraction of touch data is carried out by a separate
device 10" which is connected to receive the attenuation field
from the data processing device 10.

The data processing device 10 may be implemented by
special-purpose software (or firmware) run on one or more
general-purpose or special-purpose computing devices. In
this context, it is to be understood that each “element” or
“means” of such a computing device refers to a conceptual
equivalent of a method step; there is not always a one-to-one
correspondence between elements/means and particular
pieces of hardware or software routines. One piece of hard-
ware sometimes comprises different means/elements. For
example, a processing unit serves as one element/means
when executing one instruction, but serves as another ele-
ment/means when executing another instruction. In addition,
one element/means may be implemented by one instruction
in some cases, but by a plurality of instructions in some other
cases. Such a software controlled computing device may
include one or more processing units, e.g. a CPU (“Central
Processing Unit”), a DSP (“Digital Signal Processor”), an
ASIC (“Application-Specific Integrated Circuit”), discrete
analog and/or digital components, or some other program-
mable logical device, such as an FPGA (“Field Program-
mable Gate Array”). The data processing device 10 may
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further include a system memory and a system bus that
couples various system components including the system
memory to the processing unit. The system bus may be any of
several types of bus structures including a memory bus or
memory controller, a peripheral bus, and a local bus using any
of a variety of bus architectures. The system memory may
include computer storage media in the form of volatile and/or
non-volatile memory such as read only memory (ROM), ran-
dom access memory (RAM) and flash memory. The special-
purpose software, and the adjustment factors, may be stored
in the system memory, or on other removable/non-removable
volatile/non-volatile computer storage media which is
included in or accessible to the computing device, such as
magnetic media, optical media, flash memory cards, digital
tape, solid state RAM, solid state ROM, etc. The data pro-
cessing device 10 may include one or more communication
interfaces, such as a serial interface, a parallel interface, a
USB interface, a wireless interface, a network adapter, etc, as
well as one or more data acquisition devices, such as an A/D
converter. The special-purpose software may be provided to
the data processing device 10 on any suitable computer-read-
able medium, including a record medium, a read-only
memory, or an electrical carrier signal.

6. Computation of Adjustment Factors

In this chapter we introduce the concept of “density of
detection lines”, which is a measure of the angular and spatial
distribution of detection lines on the touch surface. Recalling
that a detection line is equivalent to a sampling point in the
sampling space, the density of detection lines may be given by
the density of sampling points (cf. FIG. 8B and FIG. 9). The
local density of detection lines is used for computing an
adjustment factor p, for each individual detection line. The
adjustment factor p, may be a constant for each detection line
or, in some examples, a function for each detection line. In the
following examples, it should be noted that the attenuation
factor p, may be scaled to get appropriate scaling of the
reconstructed attenuation field.

There are many different ways of generating a measure of
the local density of sampling points, to be used for calculating
the adjustment factors for the tomographic processing.
Below, a few examples are listed.

Use of the number of nearby sampling points, i.c. to mea-
sure the number of sampling points that fall within a
distance from the detection line (sampling point) of
interest in the sample space.

Use of the average distance, i.e. to measure the average of
the N smallest distances in the sample space between the
detection line (sampling point) and its neighbors.

Use of Voronoi areas, i.e. to obtain the extent of a Voronoi
cell for each detection line (sampling point) in the
sample space.

Use of Delaunay triangles, i.e. to obtain the areas of the
Delaunay triangles associated with the detection lines
(sampling points) in the sample space.

Use of interpolating basis functions, i.e. to assign a density-
dependent two-dimensional basis function to each
detection line (sampling point) in the sample space, and
evaluate the interaction between the basis function and a
number of reconstruction curves in the sample space,
where each reconstruction curve corresponds to a spatial
point on the touch surface. The reconstruction curve
may e.g. be given by the aforesaid back projection
operator (R ).

Each of these examples will now be described in further

detail in separate sections 6.1-6.5. It should be noted that in
these, and all other examples, the adjustment factors may be
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(and typically are) pre-computed and stored for retrieval dur-
ing touch determination (cf. step 20 in FIG. 10A).
6.1 Number of Nearby Sampling Points (p,>)

The local density for a specific detection line may be deter-
mined by finding the number of detection lines that fall within
a given distance A from the specific detection line. The dis-
tance is measured in the sample space, i.e. the ¢-s-plane. To
facilitate the definition of distance, it may be preferable to at
least approximately normalize the dimensions (¢, s) of the
sample space. For example, if the projection angle spans
O=¢<m, the distance s may be scaled to fall within the same
range. The actual scaling typically depends on the size of the
touch system, and theoretical recommendations are found in
the literature.

FIG. 11A illustrates the determination of local density for
two detection lines (sampling points) D', D,". The given
distance (A=0.4) is marked by a dotted circle around the
respective detection line D,', D,'. In this example, D,', D,'
have 9 and 5, respectively, nearby detection lines (counting
also D,' and D,', respectively). For comparison, FIG. 11B
illustrate two groups of detection lines on the touch surface
that fall within the respective dotted circle in FIG. 11A. The
radii of the circles may e.g. be chosen to correspond to the
expected height (with respect to the s dimension) of a touch.
It should also be noted that the value of A=0.4 is merely given
as an example, and that the given distance A may be set to a
smaller value in an actual touch system.

The adjustment factor is proportional to the inverse of the
number of nearby detection lines, i.e. ¥ and 5, respectively.
This means that a lower weight will be given to information
from several detection lines that represent almost the same
information in the attenuation field.

In this example, the adjustment factor is denoted p,” and is
computed according to:

1

number of detection lines where |(¢, ;) — (@5, 5;) <A’

pi =

6.2 Average Distance (p,”)

The local density for a specific detection line may be deter-
mined by computing the distance to the N closest detection
lines. FIG. 12 illustrates the determination of local density for
two detection lines (sampling points) D', D,'. The nearest
neighbors are marked by stars (*) around the respective detec-
tion line D', D,". In this example, D,', D, yield the average
distances 0.27 and 0.39, respectively, for N=9.

In this example, the adjustment factor is denoted p,” and is
computed according to:

1
ol = ﬁz [(pxs s1) = (1s 1)l
icNy

where N, is the set of detection lines closest to detection
line k.

6.3 Voronoi Areas (p,”)

The adjustment factors may be computed based on the
extent of the Voronoi cell (as measured in the sample space) of
the detection line. Voronoi cells are obtained by defining the
sampling points in the sample space as Voronoi sites in a
Voronoi diagram. A Voronoi diagram is a well-known math-
ematical technique to decompose a metric space based on
distances to a specified discrete set of objects in the space.
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Specifically, a site in the Voronoi diagram has a Voronoi cell
which contains all points that are closer to the site than to any
other site.

FIG. 13 illustrates the Voronoi diagram for the sample
space in FIG. 8B. The detection lines (sampling points) D',
D,' have the areas 0.0434 and 0.1334, respectively.

It may be advantageous to normalize the adjustment factors
such that the total area equals a given value e.g. unity. Special
care may need to be taken when defining Voronoi cells at the
edge of the sample space, since these cells will have an
infinite area unless a constraint is added for the size of these
cells. When the sample space is IL-periodic, it may be suffi-
cient to only add constraint edges respect to the s dimension
if the sample points are properly mirrored between ¢=0 and
¢=r.

The adjustment factor is denoted p,”* and is computed
according to:

;. A=voronoi_area((§;,s;))-

Comparedto p,>and p,”, the computation of p, " obviates
the need to set potentially arbitrary computation parameters,
such as the distance A in the sample space and the number N
and the definition of neighboring sampling points.

6.4 Delaunay Triangles (p,~%)

The adjustment factors may be computed based on the
extent of the Delaunay triangles (in the sample space) for the
detection line. The Delaunay triangles are obtained by defin-
ing the sampling points as corners of a mesh of non-overlap-
ping triangles and computing the triangles using the well-
known Delaunay algorithm. To achieve triangles with
reduced skewness, if deemed necessary, the dimensions of the
sample space (¢,s) may be rescaled to the essentially same
length before applying the Delaunay triangulation algorithm.

FIG. 14 illustrates the Delaunay triangulation for the
sample space in FIG. 8B. The adjustment factor for a detec-
tion line is given by the total extent of all triangles that include
the detection line. The detection lines (sampling points) D',
D,' have the areas 0.16 and 0.32, respectively.

In this example, the adjustment factor is denoted p,”* and
is computed according to:

piPi=delaunay_area((y,sz))-

6.5 Interpolating Basis Functions

By assigning a density-dependent basis function to each
detection line (in the sample space) and evaluating the recon-
struction algorithm for each basis function separately, it is
possible to compute high precision adjustment factors. One
major benefit of using basis functions is that they enable the
use of higher order interpolation when computing the adjust-
ment factor for each detection line. The following examples
are all given for reconstruction algorithms that are based on
the back projection operation (R¥). In the following
example, the basis functions are defined based on Delaunay
triangles for each detection line (in the sample space), but it
should be understood that any density-dependent basis func-
tion could be used.

6.5.1 Line Integrals (p k,l.D 'o k,l.VO)

FIG. 15 shows two basis functions defined based on
Delaunay triangles (cf. FIG. 15) for two detection lines (sam-
pling points) D', D,". The basis functions suitably have the
same height (strength) at the sampling points, e.g. unity. Since
the basis function is given by Delaunay triangles, the base of
each basis function is automatically adjusted to the local
density of sampling points. The adjustment factors for each
detection line may be computed as the interaction between
the interpolating basis function and the back projection
operator. In the illustrated example, the basis functions are
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defined to be linearly interpolating, but other interpolations
can be achieved, such as nearest neighbor interpolation, sec-
ond order interpolation or higher, continuously differentiable
interpolation, etc. It is also conceivable to define the basis
functions based on the Voronoi cells of the sampling points
(cf. FIG. 15), which will yield a zero order interpolation, i.e.
atop hat function. As will be explained below, the use of basis
functions often results in the adjustment factor for each detec-
tion line being a function instead of a single value.

In the following, a first order interpolating Delaunay tri-
angle basis function is denoted b, ”".

Before exemplifying the computation of adjustment fac-
tors, it is to be recalled that a reconstruction point in the
attenuation field corresponds to a reconstruction line (curve)
in the sample space. As explained above (Chapter 4), the
reconstruction line is a sine curve for the back projection
operator. This is further illustrated in FIGS. 16 A-16B, where
the left-hand part indicates two different reconstruction
points X;, X, on the touch surface and the right-hand part
illustrates the corresponding reconstruction lines o,, 0, inthe
sample space.

The adjustment factors for a given detection line (sampling
point) with respect to a reconstruction line may be computed
by evaluating the line integral for the reconstruction line
running through the basis function. The reconstruction line o,
is defined by 0,=(¢,x,-0), where 6=(cos ¢, sin ¢) and x,=(X,, ¥,)
is the reconstruction point on the touch surface that corre-
sponds to the reconstruction line. FIG. 17A illustrates the
interaction between the reconstruction line o, and the basis
function for detection line (sampling point) D,'. FIG. 17B is
a graph of the values of the basis function along the recon-
struction line o, with respect to the ¢ dimension. The line
integral, evaluated with respect to the ¢ dimension, is0.135 in
this example. It can be noted that the top value in FIG. 17B
does not reach a value of unity since the reconstruction line
passes at a distance from the sampling point D,'". In variant,
the line integral may, e.g., be evaluated with respect to the
length of the reconstruction line 0,, i.e. in both dimensions s,
.

FIG. 17C illustrates the interaction between the recon-
struction line o, and the basis function for another detection
line (sampling point) D;', and FIG. 17D is a graph of the
values of the basis function along the reconstruction line o,
with respect to the ¢ dimension. The line integral, evaluated
with respect to the ¢ dimension, is 0.095 in this example. It
should be noted that the line integral is smaller for sampling
point D;' than for sampling point D', even though the recon-
struction line o, lies closer to sampling point D;'. This illus-
trates how the use of basis functions compensates for the
varying density of detection lines. Detection lines in a high
density area will yield a basis function with a smaller base
than detection lines in sparse areas. In this example, the
adjustment factor is denoted p, ;”* and is computed according
to:

Pk,iDl:fkal(q’»xi'e)dq)-

In an alternative embodiment, the basis functions are
defined based on the Voronoi cells of the sampling points. In
suchan example, the adjustment factor is denoted p,, ,; " andis
computed according to:

pk,iVO:fkao(q)axi'e)dq)x

with b,”® being the zero-order interpolating Voronoi basis
function.
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It should be noted that X,b, " (¢, s) is set to a fixed value,
e.g. 1, forall values of (¢, s) that fall within the valid region of
sample space. This equation should hold for all relevant basis
functions.

6.5.2 Surface Integrals (p,""" 0%

Below, the computation of an advanced adjustment factor
will be exemplified, specifically an adjustment factor for a
sampling point to be processed for tomographic reconstruc-
tion using back projection and filtering. In this case, the
computation is not limited to evaluating line integrals for the
interaction between the basis function and the reconstruction
line. Instead, a two-dimensional (surface) integral is evalu-
ated for this interaction. In the following examples, the basis
function is given by Delaunay triangles and is defined to be
linearly interpolating. Itis to be understood that other types of
basis functions may be used e.g. to achieve other interpola-
tions, such as nearest neighbor interpolation, second order
interpolation or higher, continuously differentiable interpo-
lation, etc.

FIG. 18A illustrates the interaction between a reconstruc-
tion line o, and the basis function for detection line (sampling
point) D,'.

FIG. 18Biillustrates a known one-dimensional filter w,(As)
for use in the filtering step prior to a back projection opera-
tion. It can be noted, however, that the 1D filter is defined in
terms of distance As from the reconstruction line with respect
to the s dimension. The 1D filter may be defined as a continu-
ous function of distance As.

FIG. 18C illustrates the sample space with the basis func-
tion for sampling point D,' together with the reconstruction
line o, of FIG. 18A, where the reconstruction line is associ-
ated with a ridge. The ridge includes the 1D filter of FIG. 18B
which has been reproduced to extend in the s dimension at
plural locations along the reconstruction line o,. Thus, the
ridge is defined as a 2D function w,(q), s) which is computed
as w, (¢, s)=w,(x,-0—s), where 6=(cos ¢, sin ¢) and x,=(X;, y,).
It should be noted that the 2D function w,(¢, s) also defines
negative valleys on both sides of the ridge.

In the back projection operation, the values of the sampling
points should be weighted with the effect of the 1D filter. FI1G.
18D illustrates how the 2D function, which includes the 1D
filter, combines with the basis function for sampling point
D, i.e. product of the 2D function and the basis function:
w, (¢, )b, P! As can be seen from FIG. 18D, some parts of the
sampling point D,', via the basis function, will contribute
positively and some parts negatively. The total adjustment
factor for the contribution of the sampling point D,' to the
reconstruction line o, in the back projection operation is
given by the integral (sum) of the above result in FIG. 18D,
which for D,' (i.e. for this particular sampling point and
reconstruction line) turns out to be zero.

In this example, the adjustment factor is denoted p,,
and is computed according to:

wVO)

wD1

Pk,iWDl =fw(,s)-b;>  dds.

Conceptually, this equation can be understood to reflect the
notion that each detection line (sampling point) is not limited
only to the sampling point but has an extended influence in the
sample space via the extent of the basis function. A single
detection line will thus contribute to the values of the ¢-s-
plane in a region around the actual detection line in the sample
space, the contribution being zero far away and having sup-
port, i.e. being greater than zero, only in a local neighborhood
of the detection line. Higher density of detection lines (sam-
pling points) in the sample space yields smaller support and
lower density gives larger support. When a single adjustment
factor p k,l.WD ! is to be computed, all but the k:th detection line
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can be set to zero, before the above integral (sum) is com-
puted. The integration (summation) is done in both dimen-
sions ¢, s. Clearly, the adjustment factors account for varia-
tions in the local density of detection lines.

As noted above, the adjustment factor for detection line D'
isp k,iWD 1=0. This value of the adjustment factor accounts not
only for the interaction between the reconstruction line and
the sampling point, but also the influence of the 1D filter. This
could be compared to the adjustment factor p k,l.DA, which was
computed to 0.32 for detection line D,' in Section 6.4 above.
After adding the influence of the 1D filter (As=1.5 for detec-
tion line D, and wy(As)=-1.5), this equals
-1.5%0.32=-0.0034. Thus, the use of a surface integral results
in a different adjustment factor, which may be more suitable
for certain implementations of the touch system. However,
the choice of technique for calculating the adjustment factors
is a tradeoft between computational complexity and precision
of the reconstructed attenuation field, and any of the adjust-
ment factors presented herein may find its use depending on
the circumstances.

In an alternative embodiment, the basis functions are
instead defined based on the Voronoi cells of the sampling
points. In this example, the adjustment factor is denoted
P k,iwm and is computed according to:

Pii” 0=l 5)-b, .

7. Tomographic Reconstruction Using Adjustment Factors

There are numerous available techniques for reconstruct-
ing an attenuation field based on a set of projection values.
The following description will focus on three main tech-
niques, and embodiments thereof, namely Back Projection,
Fourier Transformation and Hough Transformation. Com-
mon to all embodiments is that existing reconstruction tech-
niques are re-designed, by the use of the adjustment factors, to
operate on data samples that have an irregular or non-uniform
arrangement in the sample space. Thus, the reconstruction
step (ct. 24 in FIG. 10A) involves evaluating a reconstruction
function F(p,, g(¢,, s.)), where p, is the adjustment factor
(function or constant) for each data sample and g(¢,,s,) is the
value of each data sample. Typically, the data samples are
given by the measured projection values for the detection
lines of the touch-sensitive apparatus. However, it is conceiv-
ablethat the data samples includes synthetic projection values
which are generated from the projection values, e.g. by inter-
polation, to supplement or replace the measured projection
values.

For each embodiment, the application of adjustment fac-
tors will be discussed, and reference will be made to the
different variants of adjustment factors discussed in sections
6.1-6.5. Furthermore, the processing efficiency of the
embodiments will be compared using Landau notation as a
function of n, with n being the number of incoupling and
outcoupling points on one side of the touch surface. In some
embodiments, a reconstructed attenuation field containing n*
reconstruction points will be presented. The reconstructed
attenuation field is calculated based on projection values
obtained for the reference image in FIG. 19. The reference
image is thus formed by five touch objects 7 of different size
and attenuation strength that are distributed on the touch
surface 1. For reasons of clarity, FIG. 19 also shows the
emitters 2 and sensors 3 in relation to the reference image.
The distribution of sampling points in the ¢-s-plane for this
system is given in FIG. 9.

7.1 Unfiltered Back Projection

As an alternative to filtered back projection, it is possible to
do an unfiltered back projection and do the filtering after-
wards. In this case, the filtering process involves applying a
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two-dimensional sharpening filter. If the two-dimensional
sharpening filter is applied in the spatial domain, the time
complexity of the unfiltered back projection is O(n*). If the
filtering is done in the Fourier domain, the time complexity
may be reduced.

The unfiltered back projection involves evaluating recon-
struction lines in the sample space, using adjustment factors
computed by means of interpolating basis functions, as
described above in section 6.5. As mentioned in that section,
use of interpolating basis functions results in a correction for
the local density of sampling points.

In this embodiment, the reconstruction function F(p,,g(¢;,
s;)) 1s given by a first sub-function that performs the back
projection at desired reconstruction points in the attenuation
field:

RV = P 8lpes 51,
k

and a second sub-function that applies the 2D sharpening
filter on the reconstructed attenuation field.

In this embodiment, the adjustment factor p, may be any
adjustment factor calculated based on an interpolating basis
function, such as p k,l.D Lorp k,l.VO.

It can also be noted that since several adjustment factors
Py, are zero, the sum needs only be computed for a relevant
subset of the sampling points, namely over all k where
pz~TH, where TH is a threshold value, e.g. 0.

The time complexity of the back projection operator is
O(n?), assuming that there are O(n) non-zero adjustment fac-
tors for each reconstruction point.

7.2 Filtered Back Projection, First Embodiment

In a first embodiment of filtered back projection, a recon-
struction line in the sample space (cf. FIG. 16) is evaluated by
computing a contribution value of each sampling point to the
reconstruction line and summing the contribution values. The
contribution value for a sampling point is given by the product
of'its projection value, its adjustment factor and a filter value
for the sampling point.

In this embodiment, the reconstruction function F(p,,g(¢;,
s;)) is given by

R = Y prc- wolsic = 31008 51
k

The time complexity of the reconstruction function is
O(n*). In this function, g(¢,.s,) is the projection value of
detection line k, (¢,,s;) is the position of the detection line k
in the sample space, and w,(As) is the 1D filter given as a
function of distance As to the reconstruction line in the s
dimension. The distance is computed as As=s,—x,-0, where x;
is the reconstruction point (in the attenuation field) and 0,=
(cos ¢y, sin ¢,). The operation of the reconstruction function
is illustrated in FIG. 20 for four sampling points D,', D,', D,',
Dy' in the ¢-s-plane. In this particular example, FIG. 20 also
indicates the extent of Voronoi cells for all sampling points.
The distance As for each sampling point is computed as the
distance in the vertical direction from the sampling point to
the reconstruction line o,.

In this embodiment, the adjustment factor p, may be any
adjustment factor that directly reflects the separation of sam-
pling points in the sample space, such as p,*%, p,*, p,”, and
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There are many different 1D filters w,(As) that may be
used. The 1D filter may be defined as a continuous function of
distance As. FIGS. 21A and 21B illustrate 1D filters presented
in the aforesaid books by Kak & Slaney and Natterer, respec-
tively. The bandwidth of these filters is preferably adapted to
the signal bandwidth when the reconstruction function is
evaluated.

FIG. 22 A illustrates the reconstructed attenuation field that
is obtained by applying the reconstruction function, using
P, to the projection values obtained for the attenuation
field in FIG. 19, and FIG. 22B illustrates a corresponding
attenuation field obtained if the adjustment factors are omit-
ted from the reconstruction function. Clearly, the adjustment
factors greatly improve the quality of the reconstruction.

7.3 Filtered Back Projection, Second Embodiment

In a second embodiment of filtered back projection, a
reconstruction line in the sample space is evaluated by
extending the influence of the sampling points by the use of
interpolating basis function and by including the 1D filter in
the reconstruction line.

In this embodiment, the reconstruction function F(p,,g(¢,
s;)) is given by

R = Y pi- 8k 50)
k

In this embodiment, the adjustment factor p, may be any
adjustment factor originating from a surface integral through

interpolating basis functions in the sample space, such as

wD1 wVo
Pr, Or POy ;

The time complexity of the reconstruction function is
O(n*). It can be noted that the time for executing the recon-
struction (cf. step 24 in FIG. 10A) is largely independent of
the selected interpolating basis function and 1D filter, given
that adjustment factors are typically pre-computed and stored
in memory. The time spent for this pre-computation may
however be different for different basis functions.

FIG. 23A illustrates an exemplifying definition of Del
aunay triangles for the sample space in FIG. 9. Based on this
definition and the 1D filter in FIG. 21B, adjustment factors
P k,l.WD ! have been computed and applied in the reconstruction
function. FIG. 23B illustrates the resulting attenuation field
when the reconstruction function is operated on the projec-
tion values obtained for the attenuation field in FIG. 19.
Clearly, the adjustment factors provide good reconstruction
quality.

7.4 Filtered Back Projection, Third Embodiment

In a third embodiment of filtered back projection, the fil-
tering step is performed locally around each individual sam-
pling point in the sample space using the 1D filter. The filter-
ing is operated on synthetic projection values at synthetic
sampling points which are generated from the projection
values of the sampling points, e.g. by interpolation. The syn-
thetic projection values are estimated signal values that are
generated around each projection value at given locations in
the s dimension. FIG. 24A illustrates a few actual sampling
points (stars) and associated synthetic sampling points
(circles) in a subset of the ¢-s-plane of FIG. 9. FIG. 24A also
illustrates Delaunay triangles (dotted lines) that may be used
for interpolation of the synthetic sampling points. The actual
sampling points are thus placed at the corners of a mesh of
non-overlapping triangles, and the values of the synthetic
sampling points are e.g. linearly interpolated in the triangles.
This interpolation, and variants thereof, will be described in
further detail below.
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Furthermore, the third embodiment evaluates a reconstruc-
tion line in the sample space by computing a line integral
through interpolating basis functions arranged at the actual
sampling points.

In this embodiment, the reconstruction function F(¢,,g(¢,.
s;)) is given by a first sub-function that creates 2M synthetic
sampling points g(¢; ,..5; ) With respect to the s dimension,
and a second sub-function that applies a discrete 1D filter (in
the s dimension) on the collection of sampling points (actual
and synthetic) to calculate a filtered value for each actual
sampling point:

M

vk, Si) = Z Wo(Sk = Skm) - &(Pims Skm )
m—M

and a third sub-function that performs the back projection
at desired reconstruction points in the attenuation field, based
on the filtered values:

R = Y P V@i 50
k

In the above expressions g((;, 0,51.0)=8(¢1.5,), 1.e. an actual
sampling point. The adjustment factor p, may be any adjust-
ment factor originating from a line integral through interpo-
lating basis functions in the sample space, such as pk,l.D Lor
P k,l.VO. It can also be noted that since several adjustment fac-
tors p,, are zero, the sum needs only be computed for a
relevant subset of the sampling points, namely over all k
where p, >TH, where TH is a threshold value, e.g. 0.

Any suitable 1D filter may be used, e.g. the one shown in
FIG. 7D. However, it may be advantageous to adapt the band-
width of the filter to each actual sampling point.

FIG. 24B illustrates the resulting attenuation field when the
reconstruction function is operated on the projection values
obtained for the attenuation field in FIG. 19, using adjustment
factors pk,l.D ! and the 1D filter in FIG. 21B. Clearly, the
adjustment factors provide good reconstruction quality.

The time complexity of the reconstruction function is
O(n®). This is based on the fact that the number of sampling
points are O(n?), that the first sub-function computes O(M-n?)
synthetic projection values, with M being O(n), that the sec-
ond sub-function accesses each synthetic sampling point
once, and that the third sub-function accesses O(n) filtered
values to generate each of O(n?) reconstruction points, giving
a total time complexity of O(n?).

As noted above, the generation of synthetic projection
values may be achieved by interpolating the original sam-
pling points. The objective of the interpolation is to find an
interpolation function that can produce interpolated values at
specific synthetic sampling points in the sample space given
a set of measured projection values at the actual sampling
points. Many different interpolating functions can be used for
this purpose, i.e. to interpolate data points on a two-dimen-
sional grid. Input to such an interpolation function is the
actual sampling points in the sample space as well as the
measured projection value for each actual sampling point.
Most interpolating functions involve a linear operation on the
measured projection values. The coefficients in the linear
operation are given by the known locations of the actual
sampling points and the synthetic sampling point in the
sample space. The linear operator may be pre-computed and
then applied on the measured projection values in each sens-
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ing instance (cf. iteration of steps 22-26 in FIG. 10A). Some
non-limiting examples of suitable interpolation functions
include Delaunay triangulation, and other types of interpola-
tion using triangle grids, bicubic interpolation, e.g. using
spline curves or Bezier surfaces, Sinc/Lanczos filtering, near-
est-neighbor interpolation, and weighted average interpola-
tion. Embodiments of these and other techniques for gener-
ating synthetic sampling points (interpolation points) are
further disclosed in Applicant’s International application No.
PCT/SE2011/050520, which was filed on Apr. 28, 2011 and
which is incorporated herein by this reference.

7.5 Filtered Back Projection, Fourth Embodiment

In a fourth embodiment of filtered back projection, the
filtering step is performed locally around each individual
sampling point in the sample space using a 1D filter. In
contrast to the third embodiment, the filtering is not operated
on synthetic projection values, but on the projection values of
adjacent actual sampling points that are forced into the 1D
filter. The projection values of adjacent sampling points thus
form estimated signal values around each projection value in
the s dimension. In the following example, the 1D filter is a
(-1,2,-1) kernel which is operated with respect to the dimen-
sion.

Furthermore, the fourth embodiment evaluates a recon-
struction line in the sample space by computing a line integral
through interpolating basis functions arranged at the actual
sampling points.

FIG. 25A illustrates all sampling points in the ¢-s-plane for
the touch-sensitive apparatus in FIG. 2. For the purpose of
illustrating the use of neighboring sampling points, selected
sampling points are indicated by circles, and their adjacent
sampling points in the s dimension are indicated by crosses.
The filtered value for each selected sampling points is calcu-
lated, using the above filter kernel, as two times the projection
value of the selected sampling point minus the projection
values of the adjacent sampling points.

The adjacent sampling points are generally selected as a
best match to the extent of the filter kernel in the s dimension
of the sample space.

For the interleaved arrangement (FIG. 2), the adjacent sam-
pling points for each sampling point may instead be selected
based on geometric criteria. In the interleaved arrangement,
the adjacent sampling points are detection lines that extend
from the next incoupling point (emitter) and the next outcou-
pling point (detector) in both directions away from the incou-
pling and outcoupling points that defines the detection line of
the selected sampling point. This principle is illustrated in
FIG. 25B, where the detection lines of the selected sampling
points in FIG. 25A are represented by solid lines, and the
detection lines of the adjacent sampling points are repre-
sented by dashed lines. Thus, a filtered value for a detection
line (sampling point) may be computed by identifying the
incoupling and outcoupling points that give rise to the detec-
tion line, and then finding the neighboring incoupling and
outcoupling points.

In this embodiment, the reconstruction function F(p,,g(¢,
s;)) 1s given by a first sub-function that finds the adjacent
sampling points, g(¢z» s;.) and g(d,.s,-), a second-sub-func-
tion that applies the filter kernel on the relevant sampling
points:

V(O 50) =8 (Drs51) +2°8 (D1 51) =8 (P Sier)

and a third sub-function that performs the back projection
at desired reconstruction points in the attenuation field, based
on the filtered values:
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R = Z P V(@i Sk )-
k

The adjustment factor p, may be any adjustment factor
originating from a line integral through interpolating basis
functions in the sample space, such as p k,l.D Lor pk,l.VO. It can
also be noted that since several adjustment factors p,, are
zero, the sum needs only be computed for a relevant subset of
the sampling points, namely over all k where p, >TH, where
TH is a threshold value, e.g. 0. It is also conceivable to add an
overall scaling factor to the back projection operator to
achieve a desired reconstruction result.

It should be realized that other filter kernels may be used,
although it for practical reasons may be preferable to limit the
kernel to 3-15 values.

FIG. 25C illustrates the resulting attenuation field when the
reconstruction function is operated on the projection values
obtained for the attenuation field in FIG. 19, using adjustment
factors pk,iD ! and the above-described filter kernel. Clearly,
the adjustment factors provide adequate reconstruction qual-
ity.

7.6 Fourier Transformation Techniques

It is also possible to use so-called NUFFT algorithms in the
reconstruction step (24 in FIG. 10A). A NUFFT (Non-Uni-
form FFT) algorithm is an adaptation of a regular discrete
Fourier transformation function, e.g. an FFT, to handle non-
uniform input data and/or output data while retaining the
“fast” property of the FFT algorithms, thus allowing for time
complexities of O(n*-log(n)). Specifically, the reconstruction
step may utilize a so-called NED (Non-Equispaced Data)
algorithm which is modified by adjustment factors to account
for the varying density of sampling points in the sample
space.

To simplify the following presentation, the theory of NED
algorithms in general and the inventive modification in par-
ticular has been separated into Chapter 8.

In one embodiment, the reconstruction function F(p,.g(¢,.
s;)) is given by four consecutive sub-functions. A first sub-
function operates a 2D forward NED FFT on the projection
values to generate the Fourier transform of g(¢,.s,):

X "
8, Ne=pr - gler, i)

Thereby, the Fourier transform is computed with respect to
both dimensions ¢, s. The forward NED FFT applies adjust-
ment factors to compensate for varying density of sampling
points in the sample space. The evaluation of the first sub-
function typically operates on pre-computed adjustment fac-
tors and other pre-computed coefficients of the forward NED
FFT (see Chapter 8).

A second sub-function operates a regular 1D inverse Fou-
rier transform (e.g. an FFT) with respect to the ¢ dimension:

FURR L
&, =g, r).

This is done since the Projection-Slice Theorem is valid
only for Fourier transforms with respect to the s dimension,
i.e. one-dimensional transforms of the different projections.
The second sub-function results in a polar coordinate repre-
sentation, possibly oversampled, of the Fourier transform of
the attenuation field to be reconstructed.
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A third sub-function, which is optional, applies a smooth-
ing filter F(r/Q) to £(j,r) and may also apply a scaling factorp,
to scale the result to an appropriate level:

FG=F(/Q)p,80.r).

A fourth sub-function operates a 2D inverse NED FFT on
the polar representation 1(j,r) to generate the attenuation field:

R
w7, n.

The inverse NED FFT may or may not be designed in
correspondence with the forward NED FFT.

The time complexity of the reconstruction function is
O(n*log(n)).

In this embodiment, the adjustment factor p, may be any
oneofa, p 2, p, P P Pt 0t . The last two
adjustment factors are obtained similarly to the adjustment
factors pk,l.WD ! and pk,l.WVD respectively, i.e. via surface inte-
grals through interpolating basis functions (section 6.5).
However, instead of reproducing a 1D filter, w,, along the
reconstruction line, the interpolating function ¢ is reproduced
along the reconstruction line. The interpolating function ¢ is
defined in Chapter 8.

7.7 Hough Transformation Techniques

The Hough transform is a method for extracting features. It
is mainly used in image analysis and computer vision. The
main idea is to find geometric objects within a certain class of
geometric shapes by a voting procedure. The voting proce-
dureis carried out in the parameter space of the representation
of the geometric objects. Generally, the objects are found as
local maxima in a so-called accumulator space.

The original algorithm is a method for finding lines in a
digital image. The original algorithm is outlined below, fol-
lowed by ways to modity and use the Hough transformation
for finding touches in the sinogram directly, without filtering
and back projection.

As noted in Chapter 4 above, any line in a two-dimensional
(image) plane can be represented by an angle, y, and the
smallest distance to the origin, r. This means that any given
line can be defined as a point in the y-r-plane. The inverse is
also true; any point (pixel) in the image plane can be repre-
sented by a curve in the y-r-plane. This curve represents all the
different lines that the point can be a part of. This is the
fundament of the Hough transform. For each point in the
image plane, the value (weight) of the point is added to the
corresponding line in the y-r-plane (in an accumulator image).
When all points in the image plane have been processed, the
lines present in the image can be found as local maxima in the
accumulator image. The position of a local maximum iden-
tifies the values of the two parameters vy, r for the line. The
presence of several local maxima would indicate that there
are several different lines in the image.

The line detection algorithm cannot be directly applied for
reconstructing the attenuation field based on the measured
projection values. However, a modification of the Hough
transform can be used for finding sine curves (i.e. reconstruc-
tion lines) present in the sinogram. It can be noted that all sine
curves have the same periodicity, 2, and that a sine curve can
be represented by an amplitude, A, and a phase, ¢. Hence, for
all sampling points in the sinogram, the weight of the sam-
pling point is added to all corresponding sine curves in the
accumulator image. The weight of the sampling point is given
by the projection value modified by the adjustment factor p,,
such that the projection value is compensated for the local
density of sample points. In this embodiment, the adjustment
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factor p, may be any adjustment factor that directly reflects
the separation of sampling points in the sample space, such as
0.2, p2 pi, and p, 2. When all sampling points have been
processed, touches are found as local maxima in the accumu-
lator image.

The modified Hough transform algorithm has a time com-
plexity of O(n?), since O(n") values are added to the accumu-
lator image for each detection line, the number of detection
lines being O(n?). The process for finding local maxima has a
lower time complexity.

8. NUFFT Theory and Modification of NED FFT

NUFFT algorithms come in many different names: Non-
Uniform FFT (NUFFT/NFFT), Generalized FFT (GFFT),
Non-uniform DFT (NDFT), Non-Equispaced Result FFT
(NER), Non-Equispaced Data FFT (NED), Unequally spaced
FFT (USFFT). There are many different variants of NUFFT
algorithms; some use least-squares, some use iterative solu-
tions and some use Fourier expansion (Shannon’s sampling
theorem) to re-map the non-uniform data points to an equis-
paced grid, which is amenable to fast algorithms. Below, the
underlying theory will be presented based on the sampling
theorem. Further details are found in the article “Non-Equi-
spaced Fast Fourier Transforms with Applications to Tomog-
raphy”, by Karsten Fourmont, in Journal of Fourier Analysis
and Applications. Volume 9, Issue 5, 2003, pages 431-450.

The Fourier transform of non-equispaced data, z,=7(x,),
where x,E€[-N/2, N/2], can be evaluated at equispaced grid
points I==N/2, .. ., (N/2)-1. The equation is a forward NED
(Non-Equispaced Data) function that can be written as:

2[ = e—Zm-xk-l/N %

1=

~
I

1

The goal is now to express every single part of the summa-
tion above as a sum, i.e.

o -
e NN = Z (v, m)- & W
m

using a suitable weight function t(x,, m).

As will be shown, this equation can be adapted to use
standard FFT algorithm implementations. Consider Shan-
non’s theorem for a band limited function f with band-
width <m:

f) =) sinclate —m)- fm)

meZ

If f is chosen to represent a single function in a Fourier
expansion, the above equation becomes:

e Y = Z sine(r(x —m)) - |w| <7

meZ

The exponential on the right-hand side resembles a com-
ponent of an FFT function. However, the sinc function may
not decay fast enough to allow for rapid computation. To
achieve rapid computation, we may give up the requirement
of finding a band-limited function, and instead use an essen-
tially band-limited function. In this way, a function may be
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found that has a rapid decay while also providing a rapid
decay in its Fourier transform. For example, the following
interpolating function may be used:

—ixw
e =

1 5 —ixm
Var - ¢(w)mé pemme

To get better resolution in the frequency domain, oversam-
pling may be introduced, given by a factor c. The oversam-
pling factor can be as low as 32, but for the examples herein
c=2. We also require that ¢(w) has compact support and is
continuously differentiable in [-a, o] and is non-zero in
[-mt/c, @/c]. The Fourier transform of ¢(w) is preferably as
small as possible outside of [-M, M] since this will make the
summation fast and exact.

The best solution for ¢(w) is the prolate spheroidal wave
functions. These functions are, however, difficult to use and
instead Kaiser-Bessel window functions may be used as
approximate solution:

. 1 sinh(oz\/ M2 —x2 )

= VP TP o
e Ve
¢(w):{10(M\/0z2—x2 ), ¥ < @

0, x| > a

The first function, ¢(x), is taken to be zero when x>=M?>'I,,
is the modified Bessel function of the first kind. By choosing
w=2m1/(c'N) and x=c-x,, we get efficient equations for the
NED algorithm.

It should be noted that inverse NED algorithms perform all
steps equal to the forward NED algorithm but uses an ordi-
nary IFFT instead.

8.1 1D NED Algorithm, Modified with Adjustment Factors

Below, we give a practical implementation for a NED
algorithm for one-dimensional transforms. The NED equa-
tion is given by:

K

1
= =
' Z(\/ﬁ-as(Zn-l/(c-N))mez

k=1

Ble-xg —me TmYEN | oy

for I=-N/2, . . ., N/2-1. The NED equation includes an
adjustment factor p,, which compensates for the varying den-
sity of sampling points. The adjustment factor will be dis-
cussed in more detail below.

The above NED equation may be modified to utilize regu-
lar FFT implementations. If it is assumed that ¢, ¢, and 7, are
zero outside their area of definition, it is now possible to
convert the NED equation to:

LS &L e
Z=— Z Brm€ N - pr -z
(L ¥

where we have introduced the following notations:

d1=V2r ¢Qr-1/(c-N)), fori=-N/2,... ,N/2-1

e =rvound(c-x;), fork=1,... , K

1
¢k,m:E'Pk'¢(C'xk—(ﬂk +m)), fork=1,... . K
andm=-M,... M
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To make the algorithm as fast as possible, most of the
coefficients above may be pre-computed.
The equation can be rewritten, by introducing a new index

q=H,+me

| et
==

amig s
;e ]
*

for g=—cN/2, ..., cN/2-1, and where
g = Z Zpk " Tk "}k,qwer,uk
k t

Non-zero terms of u_ occur only for |q+ctN-p, /<M, which
means that each u,, is the sum of all non-equispaced z,, mul-
tiplied with their respective adjustment factor, within
distance <M; with distance computed modulo cN.

It should be clear from the above rewritten equation that an
ordinary FFT may be used for solving the NED problem.

It should be noted that i, is the nearest equispaced sam-
pling point in the FFT input. The input for the NED FFT
comprises the projection values of the non-equispaced sam-
pling points z,, the sampling points x,, the oversampling
factor ¢, with a total length ¢-N suitable for FFT, the interpo-
lation length M, and the coefficients ¢, u, and of ¢, ,, which
may be pre-computed.

8.2 2D NED Algorithm, Modified with Adjustment Factors

The above 1D NED algorithm is easily extendable to more
dimensions. In two dimensions, the NED problem may be
formulated as

K
5 —2mixy YN | ~2mi-yy /N
Zl,n:Ze RN Ry Pkt ks

k=1

for Ln=-N/2, ..., N/2-1

It should be noted that the (x,, y,) values are not necessarily
a tensor product of two coordinates and therefore cannot be
written, in the general form, as two indices, i.e. one for each
dimension. The weighing factor is, on the other hand, chosen
as a tensor product, ¢(X, ¥)=0(¥)'¢(y). To make the 2D NED
algorithm as fast as possible, most coefficients may be pre-
computed:

$in = V21 -pQ2r-kf(c-N))-¢Q2r-nf(c-N)),

forln=-N/2,... ,N/2-1

i =round(c-x,), for k=1,... . K

) =roundic-y;), fork=1,... , K

N 1 N N

Pie my = Wors P Ple-x = (1 +mF) - le-yi — (g +m?)),
fork=1,... ,Kand form*, m’=-M, ... M

The execution of the 2D NED algorithm thus comprises the
steps:
1. Compute the u-values. Start by setting all u, =0,
then loop over m™=-M, ..., M, m"=-M, ..., M, and
k=1, ..., K and in this way build the u -values:

T SR G e S S A Dy
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2. Compute

2
Upn < tgx g7,

using an ordinary FFT on input length ¢'N

3. Scale the result: Z,,=U,, /¢,

It should be noted that different M may be used for the two
different directions, this is also true for ¢ and N.
8.3 Adjustment Factors in NED Algorithms

The need for using adjustment factors in the NED algo-
rithms above becomes apparent when the density of sampling
points x, is very unevenly distributed. It can be noted thatu,,
is defined as the sum of the neighboring x, (within distance
M) multiplied by the ¢ function. For the sake of argument, let
¢=1. Then, the sum will depend on the number of sampling
points that contribute to a particular u,, value. Consider, for
example, if the function

=1k

is sampled twice for u, and once for u, . This would make the
resulting u,, values differ when they in fact should be identi-
cal. This serious artifact is overcome by scaling the ¢, coet-
ficients by the adjustment factor p,. As explained in section
7.6, the adjustment factor p, may be any one of p,”, p,, p,”
or p;2*. As also explained in section 7.6, the adjustment
factor may be computed as the product of interpolation basis
functions, for instance b,”* orb,”, for a given sampling point
with the two-dimensional extent of the interpolating function
¢. This would render a set of adjustment factors p k,m"’D ! and
Pent © respectively. These adjustment factors are also
extendible into two dimensions as p k,mx,my"’D Land p k,mx,my"’m
8.4 Notes on FFT Implementations

In this chapter, the Fourier transform is defined as:

Np-1
L=
N2

e HIN

Many efficient implementations of the FFT algorithm are
defined as:

N-1

3 = Z 2N Z

k=0

It is possible to utilize existing FFT implementations by
swapping the first and last parts of the data before and after the
FFT. Another way is to modulate the input by the sequence 1,
-1, 1, -1, . . . and then modulate the output by the same
sequence. The sequence is actually the Nyquist frequency
e
It is also possible to utilize special FFT implementations
that only handle real input for the Fourier transform and real
output for the inverse Fourier transform.

It is also possible that there is a need to take special care
with the multiplication constants in the Fourier transforms of
the particular FFT implementation, i.e. whether or not mul-
tiplication of 1/V2 is done symmetrically or is absent.

9. Concluding Remarks

The invention has mainly been described above with ref-
erence to a few embodiments. However, as is readily appre-
ciated by a person skilled in the art, other embodiments than
the ones disclosed above are equally possible within the scope
and spirit of the invention, which is defined and limited only
by the appended patent claims.
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For example, although the detection lines have been rep-
resented as sampling points in the ¢-s-plane, it should be
realized any other parameter representation of the detection
lines can be used. For example, the detection lines can be
represented in a -a-plane, as is used in a fan geometry which
is standard geometry widely used in conventional tomogra-
phy e.g. in the medical field. The fan geometry is exemplified
in FIG. 26, in which an emitter emits rays in many directions,
and sensors are placed to measure the received energy from
this single emitter on a number of detection lines D, illus-
trated by dashed lines in FIG. 26. Thus, the measurement
system collects projection values for a set of detection lines D
extending from the emitter when located at angle ;. In the
illustrated example, each detection line D is defined by the
angular location f§ of the emitter with respect to a reference
angle (f=0 coinciding with the x-axis), and the angle o of the
detection line D with respect to a reference line (in this
example, a line going from the emitter through the origin).
The measurement system is then rotated slightly (8f3) around
the origin of the x,y coordinate system in FIG. 26, to collect a
new set of projection values for this new angular location.
Thus, each detection line can be represented by a sampling
point in sample space defined by the angular emitter location
parameter [} and the angular direction parameter .. All of the
above-described adjustment factors and reconstruction steps
are equally applicable to such a sample space. However, the
1D filter in the filtered back projection algorithm is applied to
extend in the o dimension, and the back projection operator is
different from the one used in the above-described parallel
geometry. Suitable filters and operators are found in the lit-
erature. With respect to the use of p-a-plane, FIG. 27 exem-
plifies a technique for assigning values to the parameters o
and f for the detection lines of a touch-sensitive apparatus.
The apparatus is circumscribed by a fictitious circle C which
may or may not be centered at the origin of the X,y coordinate
system (FIG. 2) of the apparatus. The emitters 2 and sensors
3 define detection lines (not shown) across the touch surface
1. To assign values of parameters . and [ for each detection
line, the intersection between the detection line and the circle
C is taken to define a [} value, whereas the a value of each
detection line is given by the inclination angle of the detection
line with respect to the above-mentioned reference line.

Itis also to be understood that the reconstructed attenuation
field may be subjected to post-processing before the touch
data extraction (step 26 in FIG. 10A). Such post-processing
may involve different types of filtering, for noise removal
and/or image enhancement.

Furthermore, the reconstructed attenuation field need not
represent the distribution of attenuation coefficient values
within the touch surface, but could instead represent the dis-
tribution of energy, relative transmission, or any other rel-
evant entity derivable by processing of projection values
given by the output signal of the sensors. Thus, the projection
values (“data samples™) may represent measured energy, dif-
ferential energy (e.g. given by a measured energy value sub-
tracted by a background energy value for each detection line),
relative attenuation, relative transmission, a logarithmic
attenuation, etc. The person skilled in the art realizes that
there are other ways of generating projection values based on
the output signal. For example, each individual projection
signal included in the output signal may be subjected to a
high-pass filtering in the time domain, whereby the thus-
filtered projection signals represent background-compen-
sated energy and can be sampled for generation of projection
values.

Furthermore, all the above embodiments, examples, vari-
ants and alternatives given with respect to an FTIR system are
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equally applicable to atouch-sensitive apparatus that operates
by transmission of other energy than light. In one example,
the touch surface may be implemented as an electrically
conductive panel, the emitters and sensors may be electrodes
that couple electric currents into and out of the panel, and the
output signal may be indicative of the resistance/impedance
of the panel on the individual detection lines. In another
example, the touch surface may include a material acting as a
dielectric, the emitters and sensors may be electrodes, and the
output signal may be indicative of the capacitance of the panel
on the individual detection lines. In yet another example, the
touch surface may include a material acting as a vibration
conducting medium, the emitters may be vibration generators
(e.g. acoustic or piezoelectric transducers), and the sensors
may be vibration sensors (e.g. acoustic or piezoelectric sen-
sors).

The invention claimed is:

1. A method of enabling touch determination based on an
output signal from a touch-sensitive apparatus, the touch-
sensitive apparatus comprising a panel configured to conduct
light wave signals from a plurality of peripheral incoupling
points to a plurality of peripheral outcoupling points, thereby
defining detection lines that extend across a surface portion of
the panel between pairs of incoupling and outcoupling points,
at least one signal generator coupled to the incoupling points
to generate the signals, and at least one signal detector
coupled to the outcoupling points to generate the output sig-
nal, the method comprising:

processing the output signal to generate a set of data

samples, wherein each data sample is indicative of trans-
mitted light wave energy on one of the detection lines
and is defined by a signal value and first and second
dimension values in a two-dimensional sample space,
wherein the first and second dimension values define the
location of the detection line on the surface portion, and
wherein the data samples are non-uniformly arranged in
the sample space;

obtaining adjustment factors for the set of data samples,

wherein each adjustment factor is representative of the
local density of data samples in the sample space for a
respective data sample;

processing the set of the data samples by tomographic

reconstruction, while applying the adjustment factors by
scaling the signal value of each data sample in the set of
data samples by its corresponding adjustment factor, to
generate data indicative of a reconstructed distribution
of a light wave attenuation parameter within at least part
of the surface portion;

wherein the reconstructed distribution includes spatial data

points, each spatial data point having a unique location
on the surface portion and corresponding to a curve of a
sinogram in the sample space; and

wherein the processing the set of data samples includes,

generating filtered signal values for the data samples by
scaling the signal value of each data sample by a
weight given by a filter function based on the distance
of the data sample from the curve in the first dimen-
sion, and

evaluating each spatial data point by
scaling the filtered signal value by the adjustment

factor of the

corresponding data sample, and
summing the scaled filtered signal values.

2. The method of claim 1, wherein the adjustment factor for
a given data sample is calculated to represent the number of
data samples within a region around the given data sample in
the sample space.



US 9,411,444 B2

35

3. The method of claim 1, wherein the adjustment factor for
a given data sample is calculated to represent an average of a
set of smallest distances between the given data sample and
neighboring data samples in the sample space.

4. The method of claim 1, wherein the adjustment factor for
a given data sample is calculated to represent an extent of a
Voronoi cell or a set of Delaunay triangles in the sample space
for the given data sample.

5. The method of claim 1, wherein

the adjustment factor for a given data sample is calculated,

for each spatial data point in a set of spatial data points,
to represent the interaction between the curve and a
two-dimensional basis function located at the given data
sample; and

the basis function is given an extent in the sample space that

is dependent on the local density.

6. The method of claim 5, wherein the interaction is calcu-
lated by evaluating a line integral of the basis function, along
the curve.

7. The method of claim 5, wherein the obtaining comprises:

obtaining, for each spatial data point, a set of adjustment

factors associated with a relevant set of data samples.

8. The method of claim 1, wherein the curve is designed to
include the shape of a one-dimensional filter function which
extends in the first dimension of the sample space and which
is centered on and reproduced at plural locations along the
curve.

9. The method of claim 5, wherein the processing the
output signal comprises:

obtaining a measurement value for each detection line; and

applying a measurement value filter function to generate a

filtered signal value for each measurement value,
wherein the filtered signal values for the measurement
values form said signal values of the data samples.

10. The method of claim 9, wherein the measurement value
filter function is a one-dimensional filter function which is
applied in the first dimension of the sample space.

11. The method of claim 9, wherein the applying the mea-
surement value filter function comprises:

obtaining estimated signal values around each measure-

ment value in the first dimension; and

operating the measurement value filter function on the

measurement value and the estimated signal values.

12. The method of claim 11, wherein the filtered signal
value for each measurement value is generated as a weighted
summation of the measurement values and the estimated
signal values based on the measurement value filter function.

13. The method of claim 12, wherein the estimated signal
values are obtained as measurement values of other detection
lines, said other detection lines being selected as a best match
to the extent of the measurement value filter function in the
first dimension.

14. The method of claim 12, wherein the estimated signal
values are generated at locations around the measurement
value in the sample space.

15. The method of claim 14, wherein the estimated signal
values are generated by interpolation in the sample space
based on the measurement values.

16. The method of claim 15, wherein each estimated signal
value is generated by interpolation of measurement values of
neighboring data samples in the sample space.

17. The method of claim 15, wherein the processing the
output signal further comprises:

obtaining a two-dimensional interpolation function with

nodes corresponding to the data samples; and

10

15

20

25

30

35

40

45

50

55

60

65

36

calculating the estimated signal values according to the
interpolation function and based on the measurement
values of the data samples.

18. The method of claim 1, wherein the first dimension
value is a distance of the detection line in the plane of the
panel from an origin, and the second dimension value is a
rotation angle of the detection line in the plane of the panel.

19. The method of claim 1, wherein the first dimension
value is a rotation angle ofthe detection line in the plane of the
panel, and the second dimension value is an angular location
of the incoupling or outcoupling point of the detection line.

20. A tangible computer readable medium comprising
computer code which, when executed on a data-processing
system, is adapted to carry out the method of claim 1.

21. A device for enabling touch determination based on an
output signal from a touch-sensitive apparatus, the touch-
sensitive apparatus comprising a panel configured to conduct
light wave signals from a plurality of peripheral incoupling
points to a plurality of peripheral outcoupling points, thereby
defining detection lines that extend across a surface portion of
the panel between pairs of incoupling and outcoupling points,
at least one signal generator coupled to the incoupling points
to generate the signals, and at least one signal detector
coupled to the outcoupling points to generate the output sig-
nal, said device comprising a signal processor connected to
receive the output signal and configured to:

process the output signal to generate a set of data samples,

wherein each data sample is indicative of transmitted
light wave energy on one of the detection lines and is
defined by a signal value and first and second dimension
values in a two-dimensional sample space, wherein the
first and second dimension values define the location of
the detection line on the surface portion, and wherein the
data samples are non-uniformly arranged in the sample
space;

obtain adjustment factors for the set of data samples,

wherein each adjustment factor is representative of the
local density of data samples in the sample space for a
respective data sample;

process the set of the data samples by tomographic recon-

struction, while applying the adjustment factors by scal-
ing the signal value of each data sample in the set of data
samples by its corresponding adjustment factor, to gen-
erate data indicative of a reconstructed distribution of a
light wave attenuation parameter within at least part of
the surface portion;

wherein the reconstructed distribution includes spatial data

points, each spatial data point having a unique location
on the surface portion and corresponding to a curve of a
sinogram in the sample space; and

wherein the signal processor is further configured to pro-

cess the set of data samples by

generating filtered signal values for the data samples by
scaling the signal value of each data sample by a
weight given by a filter function based on the distance
of the data sample from the curve in the first dimen-
sion, and

evaluating each spatial data point by scaling the filtered
signal value by the adjustment factor of the corre-
sponding data sample, and summing the scaled fil-
tered signal values.

22. A touch-sensitive apparatus, comprising:

a panel configured to conduct light wave signals from a

plurality of peripheral incoupling points to a plurality of
peripheral outcoupling points, thereby defining detec-
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tion lines that extend across a surface portion of the
panel between pairs of incoupling and outcoupling
points;
at least one signal generator coupled to the incoupling
points to generate the signals;
at least one signal detector coupled to the outcoupling
points to generate an output signal; and
a signal processor connected to receive the output signal
and configured to:
process the output signal to generate a set of data
samples, wherein each data sample is indicative of
transmitted light wave energy on one of the detection
lines and is defined by a signal value and first and
second dimension values in a two-dimensional
sample space, wherein the first and second dimension
values define the location of the detection line on the
surface portion, and wherein the data samples are
non-uniformly arranged in the sample space;
obtain adjustment factors for the set of data samples,
wherein each adjustment factor is representative of
the local density of data samples in the sample space
for a respective data sample; and
process the set of the data samples by tomographic
reconstruction, while applying the adjustment factors
by scaling the signal value of each data sample in the
set of data samples by its corresponding adjustment
factor, to generate data indicative of a reconstructed
distribution of a light wave attenuation parameter
within at least part of the surface portion;
wherein the reconstructed distribution includes spatial data
points, each spatial data point having a unique location
on the surface portion and corresponding to a curve of a
sinogram in the sample space; and
wherein the signal processor is further configured to pro-
cess the set of data samples by
generating filtered signal values for the data samples by
scaling the signal value of each data sample by a
weight given by a filter function based on the distance
of the data sample from the curve in the first dimen-
sion, and
evaluating each spatial data point by scaling the filtered
signal value by the adjustment factor of the corre-
sponding data sample, and summing the scaled fil-
tered signal values.
23. A method of enabling touch determination based on an
output signal from a touch-sensitive apparatus, the touch-
sensitive apparatus comprising a panel configured to conduct
light wave signals from a plurality of peripheral incoupling
points to a plurality of peripheral outcoupling points, thereby
defining detection lines that extend across a surface portion of
the panel between pairs of incoupling and outcoupling points,
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at least one signal generator coupled to the incoupling points
to generate the signals, and at least one signal detector
coupled to the outcoupling points to generate the output sig-
nal, the method comprising:

processing the output signal to generate a set of data
samples, wherein each data sample is indicative of trans-
mitted light wave energy on one of the detection lines
and is defined by a signal value and first and second
dimension values in a two-dimensional sample space,
wherein the first and second dimension values define the
location of the detection line on the surface portion, and
wherein the data samples are non-uniformly arranged in
the sample space;
obtaining adjustment factors for the set of data samples,
wherein each adjustment factor is representative of the
local density of data samples in the sample space for a
respective data sample; and
processing the set of the data samples by tomographic
reconstruction, while applying the adjustment factors by
scaling the signal value of each data sample in the set of
data samples by its corresponding adjustment factor, to
generate data indicative of a reconstructed distribution
of a light wave attenuation parameter within at least part
of the surface portion,
wherein the reconstructed distribution includes spatial data
points, each spatial data point having a unique location
on the surface portion and corresponding to a curve of a
sinogram in the sample space;
wherein the signal processor is further configured to pro-
cess the set of data samples by
generating filtered signal values for the data samples by
scaling the signal value of each data sample by a
weight given by a filter function based on the distance
of the data sample from the curve in the first dimen-
sion, and
evaluating each spatial data point by scaling the filtered
signal value by the adjustment factor of the corre-
sponding data sample, and summing the scaled fil-
tered signal values; and
wherein the adjustment factor for a given data sample is
calculated to represent the number of data samples
within a region around the given data sample in the
sample space, or
calculated to represent an average of a set of smallest
distances between the given data sample and neigh-
boring data samples in the sample space, or
calculated to represent an extent of a Voronoi cell or a set
of Delaunay triangles in the sample space for the
given data sample.
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